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ABSTRACT 
Operations at the Akzo Salt Company near Williston, ND, have resulted in saline 
contamination of the surface and subsurface in the general vicinity of the company 
property and possibly the surrounding area. The company site lies on the floodplain of 
Stony Creek and waste salt is buried just north of the plant. The salt dump poses surface 
and groundwater hazards. A recent flood on the plant site in August of 1993 resulted in 
groundwater corning into contact with buried salt. Groundwater quality and water 
level elevation data collected by the North Dakota Health Department, the North Dakota 
Geological Survey and Akzo indicated that there is contamination of groundwater 
in the aquifer beneath the Akzo Salt Company property. 
Electrical earth resistivity soundings were used to investigate subsurface 
conditions, such as the general lithology of the area and the vertical and horizontal extent 
of the salt-contaminated groundwater. These soundings revealed low resistivity values 
probably produced by the saline groundwater throughout the subsurface . 
Water quality data collected at the site indicated there may be two primary sources 
of contamination; the buried salt pile north of the plant and a former cooling pond located 
in the southeast section of the company property. A monitoring well on the southeast 
edge of the property showed significant rising chloride levels, which indicates the cooling 
pond may be a possible source of contamination. Further investigation also 
X 
revealed other possible sources of contamination. 
Earth resistivity soundings combined with drilling can be a beneficial 
alternative to drilling alone if conditions are favorable . The information derived from the 




Purpose of Study 
The purpose of this study was to perform a site characterization to define the 
subsurface lithology as well as estimate the horizontal and vertical extent of the saline 
leachate plume at the Akzo Salt Company facility. This was to be accomplished by 
combining existing lithologic and geochemical data with the results from earth resistivity 
soundings. The study also was to determine if earth resistivity soundings are successful 
in this area of highly conductive contamination. 
Location and Site History 
The Akzo Salt Company facility is located east of the city of Williston, m 
southeast Williams County, North Dakota (Figure 1). In 1960, the Dakota Salt and 
Chemical Company opened the Williston facility on approximately 310 acres. Due to 
company mergers and buyouts, the facility was subsequently operated by the Hardy Salt 
Company (1972- 1985), Diamond Crystal Salt Company (1985-1987), and International 
Salt Company (1987-1988). Akzo Salt Company, which currently owns the site, ceased 
operation in 1988 (Huff, 1988). 
The facility operated a brine solution mine where water was injected into 
subsurface evaporites through a series of 9000-foot (2743 meters) wells, and the saturated 
1 
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Figure 2. Location of the study site in the NWl/4 of Section 20, T154N, RlOOW. 
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brine was pumped out from a series of withdrawal wells. The brine was then processed 
through a multi-effect evaporator, and the resulting crystallized salt was dewatered, dried, 
and packaged. The brine was used by the oil industry, and the salt was used for table salt, 
pellets for water softeners, and salt blocks for livestock (Murphy, 1994). 
The Dakota Salt and Chemical Company opened a dumpsite near Stony Creek in 
1960. All facility waste, including paper, wood, and waste salt were discarded in this 
dumpsite until 1977. State and company documents refer to this as the Hardy Dumpsite. 
It is also referred to as the buried salt pile in this study. Two and a half feet (0.76 meters) 
of overburden and were placed over the top of the dump after it was no longer in use 
(Huff, 1988). A plastic cover was also placed over the top of the dump in 1990 
(Murphy, 1996). 
A large volume of water was required for cooling the multi-effect evaporators, 
and an eight-acre, six-foot (1.83 meters) deep cooling pond was constructed on site in 
1975. This cooling .pond had an approximate volume of two million gallons (7.6 million 
liters). It is apparent from previous aerial photographs of the site that the cooling pond is 
situated over a meander of Stony Creek, and the company rerouted the creek to the south 
during this phase of construction. In July 1989, water from the cooling pond was injected 
into the Dakota Formation, approximately 5000 feet (1524 meters) below the surface. 
Thirteen million gallons (5 million liters) of water were injected from July 1989 to 
September 1989 (Huff, 1989). This area was reclaimed in 1990 (Murphy, 1994). 
For several years the North Dakota Department of Health had been attempting to 
stop the dumping of waste into the Stony Creek floodplain. In 1976, under pressure from 
7 
the Department of Health, Hardy Salt moved their waste facility to an abandoned 
leonardite mine on the top of an adjacent hill. The North Dakota Department of Health 
issued a permit for a "Special Use Disposal Site" to the company for this waste facility 
(Huff, 1988). 
In 1987, the North Dakota Geological Survey obtained a grant from the North 
Dakota Water Resources Research Institute to study the impacts of municipal and 
industrial landfills on groundwater in North Dakota. Part of the matching funds for this 
grant came from the North Dakota Department of Health. Six municipal landfills spread 
across the state were chosen for monitoring. The industrial landfill chosen for the study 
was the Akzo Salt Company facility in Williston because no information was available on 
the site, and the Health Department had been unsuccessful in convincing the company 
that they needed to monitor the site (Murphy, 1994). 
Permission was obtained from the company to allow the North Dakota Geological 
Survey on site, even though instrumentation could have been done under both agency 
rules and regulations without the company's permission. 
Regional Geology 
Williams County, an area of 2100 square miles (5439 square kilometers) in 
northwestern North Dakota, is located near the center of the structural and sedimentary 
Williston Basin. The preglacial sedimentary strata beneath the county are as much as 
14, 828 feet (4519 meters) thick. These beds dip generally to the south except along the 
Missouri River and other scattered small areas. 
8 
Topography of glacial origin includes knob and kettle, dissected upland and level 
upland. Badland topography and bottomland topography are of non-glacial origin. 
Surficial deposits are chiefly glacial till and outwash (Figure 3), with some areas of 
Paleocene Bullion Creek and Sentinel Butte Formations. 
The city of Williston is located in the valley of the Little Muddy Creek, a 
preglacial valley that once carried a larger, north-flowing river into Canada. 
Regional Hydrogeology 
Groundwater in Williams County is obtained from aquifers in the glacial drift of 
Quaternary age, the Fort Union Group of Paleocene age, and the Dakota Group of 
Cretaceous age. Three of the more productive Quaternary aquifers are the Little Muddy, 
Ray, and Grenora; these aquifers are composed of sand and gravel that was deposited in 
the ancestral Yellowstone, Little Missouri, and Missouri River valleys, respectively 
(Armstrong, 1969) (Figure 4). 
Water from the glacial drift aquifers differ greatly in quality. Generally it is very 
hard and of a calcium bicarbonate type, with yields ranging from 50 to 500 gallons per 
minute (3.2 to 31.5 liters per second). Water in the Fort Union Group consists of two 
types: a soft, sodium bicarbonate water, and a hard, sodium sulfate bicarbonate water. 
Water in the Fort Union Group is generally considered too saline for human consumption 
or irrigation. Water from the Dakota Group is used for pressure maintenance in oil fields, 






Figure 3. Simplified geologic map of Williams County, North Dakota 
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Climate 
The climate is semi-arid, and the average annual precipitation is 13.70 inches 
(34.8 cm) at Williston (Freers, 1970). About 75 percent of the precipitation falls during 
the growing season from May to September. The mean annual temperature in Williston 
is 40.9 degrees Fahrenheit (4.9 degrees Celsius). Monthly averages range from 8.3 
degrees Fahrenheit (-13.2 degrees Celsius) in January to 70.1 degrees Fahrenheit (21.2 
degrees Celsius) in July. 


















Figure 4. Major glacial drift aquifers in Williams County, North Dakota (modified from 
Armstrong, 1969). 
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PREVIOUS WORK 
Electrical Resistivity Soundings 
Several regional studies have used earth resistivity soundings to define variations 
in stratigraphy and groundwater contaminants in the subsurface. Murphy and Kehew 
(1984) employed earth resistivity surveys to outline a salt-water leachate plume related to 
drilling fluid disposal. At two oil and gas well sites in western North Dakota, soundings 
were successfully used, and indicated that leachate was being generated beneath the sites. 
Kehew and Groenewold (1983) also used earth resistivity soundings to 
investigate subsurface conditions in reclaimed surface lignite mine spoils in North 
Dakota. Existing test holes were used as subsurface control points to calibrate the 
resistivity data. In unmined areas, resistivity was useful in detecting subsurface layers 
when layers of contrasting resistivity occurred near the surface. Resistivity curves also 
indicated variations in moisture content and mineral content of the spoils. Kehew and 
Groenewold (1988) concluded that resistivity can be used as a tool for evaluating 
groundwater degradation following mining and reclamation. 
Another study showed that earth resistivity soundings could be used to delineate 
drilling fluid leachate within glacial sediments in north-central North Dakota (Beal and 
others, 1987). At one site, however, resistivity also reflected lithologic variations, which 
tended to mask any variations in resistivity due to groundwater concentrations. 
14 
15 
Subsurface conditions were investigated by electrical earth resistivity soundings at 
the Hillsboro Landfill, Hillsboro, North Dakota (Maletzke, 1988), in an attempt to 
delineate a contaminant plume from the landfill, and to correlate resistivity and lithology. 
Generally, the change in resistivity sought as an indicator of contamination was small and 
essentially undetectable, accurately reflecting the low degree of groundwater 
mineralization. However, resistivity reflected changes in lithology with some degree of 
success, and accurately showed the position of the water table. 
Stollar and Roux (1975) showed that earth resistivity studies can be an accurate, 
fast, and economical method of locating and defining bodies of groundwater 
contaminated with liquid waste from industrial plant sites and brackish water from 
municipal and industrial landfills. Their interpretations based on resistivity data were later 
shown to be remarkably accurate through installation of test wells. 
Akzo Salt Company 
Installation of Monitoring Wells. The North Dakota Geological Survey installed a 
series of monitoring wells at the study site (MW-1 to 15) in 1987 to assess groundwater 
impact from salt mining activities. Two years later, in 1989, a consultant, Twin City 
Testing, was retained by Akzo to install four additional monitoring wells (MW-25, 32, 
37, and 38). Topography was used to roughly predict groundwater flow directions and 
the wells were placed accordingly (Figures 5 and 10). The company was active at the 
time of the inital monitoring well installation and wells had to be placed so they would 
not interfere with company activities. The wells consisted of two inch PVC casing. All 
16 
Figure 5. Map of the site area showing the location of monitoring wells. 
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of the screen lengths were either two or five feet (0.61 or 1.52 meters), except for MW-
38, which was ten feet (3.05 meters) . The sand packing was placed through the hollow 
stem auger to a point about two feet (0.61 meters) above the top of the screen. A two-
foot thick layer of bentonite pellets was then placed above the sand pack and wetted to 
swell the bentonite. Steel protective casings with locking caps were placed over the PVC 
pipe stand for the wells installed by Akzo. All of the wells except MW-25 were installed 
through 6.25 inch (15 .88 cm) hollow stem auger. MW-25 was installed using a six-inch 
(15.2 cm) solid stem flight auger. The wells were developed with a teflon bailer and a 
two-inch Brainerd-Kilman hand pump (Huff, 1989). Typical well construction is shown 
in Figure 6, and Appendix I includes well information and lithologic descriptions of drill 
holes. 
The drilling of additional monitoring wells scheduled for the fall of 1994 was 
postponed until July 1995, and to date these data are unavailable. 
Collection of Water Samples. Collection of water samples from the monitoring 
wells and the water supply wells began in September of 1987, and has continued on a 
quarterly basis with some interruptions. Samples have been collected by Akzo, the North 
Dakota Geological Survey, and the North Dakota Department of Health (Murphy, 1994). 
Usually a minimum of three well volumes were bailed prior to sampling. If a well was 
bailed dry because of poor recharge characteristics, one or two days were allowed before 
additional samples were taken. Measurement of temperature, pH, and electrical 
conductivity was performed immediately upon collection. Samples were preserved, 
placed on ice, and shipped to the laboratory. Samples collected by the state agencies 
19 
Figure 6. Typical well construction (Nielson, 1991). 
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were analyzed by the North Dakota Department of Health. Sathe Laboratories in 
Williston analyzed samples collected by Akzo. MW-38 has not been sampled due to its 
close proximity to MW-6. Samples for MW-4 and MW-5, the offsite background 
monitoring wells, have been collected and sampled only by the North Dakota Geological 
Survey (Murphy, 1994). 
Chemical Analysis. Water samples were analyzed by both the North Dakota 
State Department of Health and by Sathe Laboratories, using EPA methodologies (United 
States Environmental Protection Agency, 1983). Iron, mangenese, sodium, potassium 
and calcium were analyzed by emission spectroscopy using an emission spectrometer. 
Chlorides and nitrates were analyzed using colorimetric methods. A Fisher meter and 
electrode were used to determine pH. 
Slug Tests. In-situ hydraulic conductivity values were estimated using slug 
tests, or single-well response tests, which were performed by the North Dakota 
Geological Survey. In-situ slug tests are used widely by the consulting industry and are 
generally accepted by regulatory agencies. The slug tests are initiated by causing an 
instantaneous change in the water level in piezometers through a sudden introduction or 
removal of a known volume of water, or by the introduction of a solid cylinder ( or slug) 
of a known volurne. In slug tests performed by the North Dakota Geological Survey, a 
slug was dropped into the water and an electric water level probe was used to measure the 
declining water level. The depth of water and time of measurement were recorded at 
. frequent intervals until the water level stabilized. The rate at which the water level rose 
22 
as the slug was pulled out of the piezometer was also measured, again until the level 
stabilized. Slug tests were performed at monitoring wells 6, 7, 14, and 15 (Figure 5). 
METHODS 
Hydraulic Conductivity 
To estimate hydraulic conductivity from the slug tests, the field recovery data 
were plotted as unrecovered head difference versus time on a semi-logarithmic graph 
using the Hvorslev method (Hvorslev, 1951). The hydraulic conductivity was determined 
from the basic time lag (T 
0
), or the time during the test when h/h0 is equal to 37 percent, 
and was measured graphically from this plot. The Bouwer and Rice method (Bouwer and 
Rice, 1976) was also used to obtain estimates of aquifer hydraulic conductivity at the site. 
The Hvorslev method. The Hvorslev method (Hvorslev, 1951) has been used 
extensively since the early 1950s, and can be applied to both confined and unconfined 
conditions. This method is based on the assumption that the response of a well or 
piezometer to the addition or removal of a "slug" of water would be directly proportional 
to the hydraulic conductivity of the aquifer sediment (Brother and Christians, 1993). The 
method uses the following general equation: 
where: 
K = (r)2 (ln (L/R)) 
2LT0 
K = hydraulic conductivity 
r = well casing radius 
R = well screen ( or sand pack) radius 
L = well screen ( or sand pack) length 
TO = basic time lag 
23 
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The Bouwer and Rice method. The method of Bouwer and Rice (Bouwer, 1989) 
is very similar to the Hvorslev method, and is most often applied to unconfined aquifers 
and appears to be gradually replacing the Hvorslev method in general usage (Brother and 
Christians, 1993). Anomalies sometimes observed in the measured rate of rise of the 
water level in a well are ignored by eliminating early data points. This method uses the 
following general equation: 
where: K = hydraulic conductivity 
re = well casing radius 
rw = sand pack radius 
Re= a dimensionless parameter that describes system geometry (see 
Appendix II) 
Le= well screen ( or sand pack) length 
Yo = head difference between water level in well and static water level at 
an inital time 
y1 = head difference between water level in well and static water level at 
a later time 
Earth Resistivity Soundings 
Electrical resistivity soundings investigate subsurface conditions by introducing 
direct current into the ground through a pair of current electrodes and measuring the 
resulting voltage difference between a pair of potential electrodes. It is based on the 
theory that the resistivity of a geologic unit is a function of the conductivity of the pore 
water as well as the lithology and degree of saturation of the material (Koefoed, 1979). A 
. change in potential will occur when the current flows across a boundary, or a zone of 
contrasting resistivity. Current flows most readily through the least resistive sediment, 
25 
such as water saturated sediment. The resistance is further reduced in a situation which 
exists at the salt facility where the leachate is highly conductive. Since resistivity of 
subsurface materials varies spatially and field measurements depend on the use of current 
and potential electrodes, only apparent resistivity can be measured. Apparent resistivity Q 
is equal to: 
Q = (V/l)G 
where Q is the apparent resistivity, which is equal to the true resistivity only for a 
homogeneous isotropic medium; V is the voltage difference between the two potential 
electrodes; I is the current, and G is the geometrical factor depending on the electrode 
arrangement. 
In this study, a Wenner electrode configuration using a direct current and 
potentiometer, coupled with the vertical electrical sounding (VES) method was used. The 
Wenner electrode configuration is symmetrical with four equally spaced electrodes, 
where the inner electrodes are used to measure the potential difference in geologic 
material (Figure 7) . For a Wenner electrode configuration, G is equal to: 
G = 2Ila 
where a is equal to the electrode spacing (Robinson and Coruh, 1988). Therefore, the 
apparent resistivity for a Wenner electrode arrangement is equal to: 
Q = 2IlaV/I 
For the VES method, the center of the electrode spread is fixed and the separation 
of the electrodes is progressively increased. This fixed center is designated as the 
resistivity station. Figure 8 shows the location of the resistivity stations. These 
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stations were placed in areas lacking drill hole data and near monitoring well nests for 
comparison purposes. At each station, multiple values of apparent resistivity are obtained 
as the electrode, or a-spacing increases. Electrode spacings of 3.88, 5.18, 6.91, 9.21 , 
12.28, 16.38, 21.84, 29.13, 38.84, 51.80, 69.07, and 92.11 feet (1.18, 1.58, 2.11 , 2.81 , 
3.74, 4.99, 6.66, 8.88, 11.84, 15.79, 21.05, and 28 .08 meters) were used in this study. 
These electrode spacings are on a logarithmic scale because the field curve is digitized at 
a logarithmic interval equal to the sampling interval of the filter, which is used in 
calculating the theoretical sounding curve (Zohdy, 1989) in the Bisdorf and Zohdy (1990) 
program. 
Computer Interpretation of Resistivity Data 
Apparent resistivity data collected at the site in August 1995 were analyzed using 
a method developed by Zohdy (1989). He reported that the following properties have 
been observed in theoretical sounding curves for horizontally stratified, laterally 
homogeneous, and isotropic media: 
(1) Computed apparent resistivities are always positive. 
(2) The form of a sounding curve follows the form of the true resistivity-depth 
curve. 
(3) The maximum change in apparent resistivity alway occurs at an electrode 
spacing that is larger than the depth at which the corresponding change 
in true resistivity occurs. 
(4) The amplitude of a sounding curve is always less than or equal to the 
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amplitude of the true resistivity-depth curve. 
(5) The maximum change in apparent resistivity is· approximately equal to the net 
change in true resistivity. 
The first two properties led early interpreters to assume that electrode spacings are 
equal to probing depths and apparent resistivities are equal to true resistivities 
(Figure 9a). Zohdy (1989), however, stated that in view of the remaining properties, 
(a) The electrode spacings do not equal the depths to various layers . A sounding 
curve is "out of phase" with resisitivity-depth curve and is always shifted to 
the right of the resisitivity depth curve. Therefore, the assumed depths must 
be shifted to the left in order to bring the assumed layering in phase with the 
resistivity depth curve (Figure 9b ). 
(b) The apparent resistivities do not approximate the true resistivities. The 
amplitude of a sounding curve is always less than or equal to the amplitude of 
the true resistivity-depth curve. Therefore, the assumed resistivities must be 
adjusted to approximate the amplitude of the true resistivities (Figure 9c). 
The method developed by Zohdy uses an iterative procedure to determine the 
appropriate amount to horizontally shift the depths and vertically adjust the resistivities, 
without previous knowledge of the initial number of layers, their thicknesses, or their true 
resistivities. This iterative procedure determines a digitized curve from the field data, 
which relies on the following initial assumptions: 
( 1) The number of layers in the model equals the number of digitized points on 
the observed curve. 
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(2) The depths of the model layers are equal to the digitized electrode spacings, 
which are equally spaced on a logarithmic depth scale. 
(3) The true resistivities of the model equal the apparent resistivities. 
Iterative calculations are performed to determine the amount of shift needed to 
bring assumed layering in phase with the resistivity depth curve to compute the 
thicknesses of the layers. The amplitude of the calculated resistivities is then adjusted to 
obtain a better fit between observed and calculated sounding curves to determine the true 
resistivities. 
Bisdorf and Zohdy (1990) provided a program using this iterative procedure for 
the automatic interpretation of sounding curves. Their program determines depth by 
calculating a theoretical sounding curve and computes a root mean square (rms) percent 
equation from the observed apparent resistivity, the calculated apparent resistivity and the 
number of digitized apparent resistivity points. The true resisitivity is determined by an 
iterative adjustment of the amplitude of a layer resistivity. A new sounding curve is then 
calculated and a root mean square percent equation is computed. The iterative process is 
terminated when the rms percent is at a minimum or the maximum number of iterations is 
reached. 
RESULTS 
Local Geology and Hydrogeology 
This site is underlain by 40 feet (12 meters) of alluvium and approximately 12,000 
feet (3658 meters) of sedimentary rock. This alluvium comprises two layers; the upper 
layer of recent alluvium consists of a fine-grained clayey silt, with lenses of sandy silt, 
and ranges up to 20 feet (6 meters) in depth in some places. The lower layer of 
glaciofluvial sediment consists of sand and gravel (Figure 10). The alluvium is underlain 
by alternating layers of sandstone, siltstone, claystone and coal of the Sentinel Butte 
Formation, which crops out along the northwest edge of the site. Salt was mined on the 
site from the Charles Formation, an evaporite lying at a depth of 9000 feet (2743 meters) 
below the surface (Figure 11). 
The Hardy dumpsite is in the northwest section of the property (Figure 12) and is 
underlain by alluvium consisting of both silty clay and sand and gravel (Figure 13). 
Stony Creek, also known as Little Stony Creek, flows through the company site, 
and has a drainage area of approximately 146 square miles (378 square km). Discharge is 
modified in this creek by the Epping Reservoir located upstream, and Stony Creek 
meanders less than a mile from Alczo's property before joining the Missouri River. Stream 
flow estimates have ranged from zero gallons per minute to 650 gallons per minute ( 41 
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Simplified topographic map of the site area (Williston SE Quadrangle). 
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rerouted to the south of the old cooling pond during the pond construction (Huff, 1989). 
An unconfined glaciofluvial aquifer underlies the general area of the former salt 
facility. The monitoring wells have been completed in alluvium, to depths generally less 
than 40 feet (12 meters) . East of the facility there are deeper wells, 300 to 350 feet (91 to 
107 meters) in depth, completed in the Fort Union Group. Groundwater flow is generally 
to the south-southeast. The water table is generally found at a depth of 10 to 15 feet (3 to 
5 meters) below the surface in the sand and gravel portion of the alluvium, and fluctuates 
in response to changes in precipitation. Water levels have been monitored since 
September 1987 for the initial North Dakota Geological Survey wells, and since 
September 1989 for the additional wells (Appendix III). The initial wells were completed 
at the level of the water table during 1987, the beginning of a prolonged period of 
drought. Due to the fluctuating water levels, many of the well screens no longer intercept 
the water table, but are below. Groundwater levels dropped an average of five to six feet 
(1.5 to 1.8 meters) during 1988, a drought year, when precipitation totalled only 10.31 
inches (26 cm), 3.39 inches (8.61 cm) below normal. Groundwater levels ranged from 
1854 feet (565 meters) in elevation to 1845 feet (562 meters) toward the southeast of the 
study site. Groundwater levels rose up to seven feet (2 meters), ranging from 1858 feet 
(566 meters) in elevation to 1852 feet (565 meters), in monitoring wells during the 
summer of 1993, a year of exceptional precipitation and when flooding occurred on the 
property (Figure 14). Precipitation totalled 18.46 inches (47 cm), 4.76 inches (12.1 cm) 
above normal for the year (National Oceanic and Atmospheric Administration, 1994). 
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1994, have been contoured and are included in Appendix IV. 
A primary concern is the depth of the water table below the dumpsite. Earlier 
records during a normal precipitation year indicated that the water table did not come into 
contact with the dumpsite. However, a flood on the site in August of 1993 caused 
considerable rising of the water table. Water levels in MW-1 rose approximately four 
feet (1.2 meters), which placed the water table into the waste salt at the dumpsite. 
Hydraulic Conductivity. Hydraulic conductivity values obtained from the slug 
tests are in general agreement with values for clean and silty sand found in Freeze and 
Cherry (1979, p. 29). Conductivities at this site ranged from 2 x 104 ft/sec (5 x 10-5 
m/sec) to 8 x 10-6 ft/sec (3 x 10-6 m/sec ), with piezometers completed in sand and gravel. 
The Hvorslev method and the Bouwer and Rice method agreed within one order of 
magnitude (Table 1). 
The hydraulic gradient of the water table averages 4 x 10-3 ft/ft ( 4 x 10-3 m/m) 
over the north-northeastern half of the site. Towards the southeast (south of MW-9 and 
MW-10), the gradient averages 3 x 10-3 ft/ft (3 x 10-3 m/m). The ave~age vertical gradient 
was estimated from hydraulic head values between nested monitoring wells (9 & 10, 14 
& 15, and 7 & 8). The average vertical gradient is 2 x 10-1 ft/ft (2 x 10-1 m/m) across the 
study site. 
The velocity of groundwater flow depends on the hydraulic gradient, porosity, 
and hydraulic conductivity of the medium (Freeze and Cherry, 1979). The average linear 
velocity of the groundwater at this site was calculated using the Darcy equation: 
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TABLE 1. Hydraulic Conductivities (estimated from slug tests) 
using Hvorslev and Bouwer and Rice methods 
Piezometer Depth (ft) Description 
Hydraulic 
Conductivity ft/s(m/s) 
Hvorslev Bouwer & Rice 
6 40-42 Gravel 2x 10-5 (7x 1 o-6) 2x10-5(7x10-6) 
7 21 - 23 Gravel 2x 10-5 (7x 1 o-6) 
14 30- 32 Sand & Gravel 2x10-4(5xl0-5) 6x 10-5 (2x 1 o-5) 
15 23 -25 Sand & Gravel 8x10-6(3x10-6) 
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V = Kfn (dh/dl) 
where v is the average linear velocity, K is the hydraulic conductivity of the medium, n is 
the porosity, and dh/dl represents the hydraulic gradient (Freeze and Cherry, 1979). A 
porosity of 0.35 was used for sand and gravel from values given by Freeze and Cherry 
(1979). In the northwestern portion of the site, the velocity ranged from 2 x 10-6 ft/s 
(3.4 x 10-7 mis) to 9 x 10-s ft/s (2.8 x 10-s mis). In the southeastern portion of the site, the 
velocity averaged 2 x 10-7 ft/s (5.2 x 10-s mis). 
Water Quality 
Water samples from monitoring wells have been collected since September 1987 
and chemical analyses for selected monitoring wells were performed in 1987 and 1988 
(Appendices V and VI) . From 1989 to 1994, samples were routinely analyzed for 
chloride concentrations for all monitoring wells, former water supply wells, and Stony 
Creek. Chloride concentrations for water supply wells date back to as early as 1965. 
Background chemical concentration levels were obtained from MW-4 and MW-5, which 
lie 0.5 mile (0.15 meters) northeast of the study site. 
Monitoring and Water Supply Wells. Contaminant concentrations below the 
study site are very high when compared to background levels. Chemical data from 
monitoring wells on the site compared to background levels show that ions, such as 
chloride, nitrate, calcium, and manganese are higher than background levels. Previous 
chemical analyses indicate the highest major ion concentrations in MW-9 and MW-14, 
and water supply wells 3 and 4. Total dissolved solid concentrations were also very high 
1------------~=-------I 
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in these wells, and ranged from 2090 to 14,100 mg/1. Selected chemical parameters have 
been contoured and are shown in isoconcentration maps in Appendix VII. 
Chloride isoconcentration maps are shown in Figures 15 to 17, from September 
1987 to June 1994. These maps show elevated chloride levels over most of the site, 
especially in the dumpsite and cooling pond areas. Concentrations are highest in MW-1, 
MW-14, MW-25, and MW-32, all of which are in close proximity to the buried salt. 
Chloride concentrations have increased due to both the infiltration of precipitation, and/or 
a rise in the water table, causing saturation of the buried salt pile (Figures 18 to 22). 
Chlorides have generally decreased from original values in monitoring wells and 
water supply wells during the monitoring period 1987 to 1993. However, increased 
precipitation and a flood on the property site in the summer of 1993 elevated chloride 
levels over the initial values found in 1987. 
Stony Creek. Data from a former USGS gaging station that was located on the 
northeast edge of Alao's property indicated total dissolved solids in Stony Creek are too 
high for a water supply source for irrigation, human consumption, or livestock use 
(United States Geological Survey, 1981 ). Sodium was the primary cation present, and 
sulfate was the principal anion present. Chloride concentrations have fluctuated from 24 
to 5710 mg/1. These concentrations were elevated immediately downstream at the site, 
and one half mile downstream of the dump site chloride levels were approximately 26 to 
184 times higher than levels analyzed from upstream of the site (Appendix IV). 
Decreased chloride concentrations generally coincided with increased stream flow 
(stream flow data of Huff, 1993). 
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· Figure 15. Isoconcentration maps: chloride, September 1987 - September 1989. 
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Figure 16. Isoconcentration maps: chloride, August 1990 - September 1992. 
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Figure 18. Chloride concentrations in monitoring wells in the vicinity of the dumpsite, 
September, 1987 to December, 1989. 
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Figure 19. Chloride concentrations in monitoring wells in the vicinity of the dumpsite, 
January, 1990 to June, 1994. 
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Figure 20. Chloride concentrations in monitoring wells downgradient of the dumpsite, 
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Figure 21. Chloride concentrations in monitoring wells on the southeast edge of the 
study site, September, 1987 to December, 1989. 
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Figure 22. Chloride concentrations in monitoring wells on the southeast edge of the 

















































Apparent and Interpreted Resistivity 
Electrical earth resistivity soundings were conducted at 23 different stations at the 
study site, with six conducted near monitoring wells. Using the program provided by 
Bisdorf and Zhody (1990), electrode spacings and apparent resistivities (Appendix VIII) 
were entered into the program in order to compute the adjusted thicknesses of the layers 
and the true, or interpreted, resistivities. The layered models computed from the apparent 
resistivity profiles are shown in Appendix IX. Most groundwaters are moderate in 
resistivity value, and an increase in salinity of the groundwater decreases resistivity (Van 
Blaricom, 1980). Both the apparent and the true resistivities suggested by the layered 
models were low in stations conducted at the site. These values extended southeast of the 
salt pile, and apparent resistivities ranged from 4.88 to 179.19 ohm-feet (1.49 to 54.61 
ohm-meters). True resistivities and corresponding depths from the layered models were 
contoured (Figures 23 and 24). Van Blaricom (1980) stated that an overburden layer of 
even a small contrast will almost completely mask an anomaly from a source at depth and 
resistivity measurements are also affected more proportionally by the material at 
shallower depths. 
The layered models were compared to the lithology at six stations (Figures 25 to 
27). The boundary between the upper layer of clayey silt and the lower layer of sand and 
gravel may be reflected by the slight increase in resistivity values at most of the stations, 
between 6 feet and 15 feet (1.8 meters and 4.6 meters) below the surface. The water table 
· seems to correlate with the drop in resistivity values in these profiles. The high salinity 
content of the groundwater, with resulting low resistivity values, appears to mask any 
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Figure 23. Isoresistivity maps: 5, 10 and 15-foot depths. 
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Figure 24. Isoresistivity maps: 20-foot depth. 
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Figure 25. Comparison of layered models to a prominent lithologic contact and the water 
table, stations 5 and 10. 
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Figure 26. Comparison of layered models to a prominent lithologic contact and the water 
table, stations 19 and 20. 
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Figure 27. Comparison of layered models to a prominent lithologic contact and the water 
table, stations 21 and 22. 





















lithology changes that might have been encountered in remaining surveys. 
Calculated true resistivities were also contoured on the cross-sectional profile 
(Figure 28) . Resistivities decrease directly below the salt pile and the cooling pond, and a 
zone of lower resistivity can be seen just southeast of the cooling pond and below MW-7. 
Surface and near-surface resistivities are slightly higher in resistivity stations 5 and 10 
than near the salt pile. At a depth of 20 feet (6 meters), resistivities are approximately 13 
ohm-ft (4 ohm-m) higher near stations 5 and 10 than below the salt pile in stations 20 
and 21. 
MOCDENSE Transport Model 
In an attempt to assess the transport of chlorides at the study site, the United 
States Geological Survey MOCDENSE computer program (Sanford and Konikow, 1985) 
was used. This program is a modified version of MOC, documented by Konikow and 
Bredehoeft (1978). MOCDENSE simulates solute transport and dispersion of either one 
or two constituents in groundwater where there is two-dimensional, density-dependent 
flow. The fluid density is related to the concentration of one of the constituents, which 
can be the salinity, dissolved solids concentration) specific conductance, or chloride 
concentration. 
The attempt to use this model code was unsuccessful for this site. Problems 
included inadequate monitoring at the site; the monitoring wells were placed in the 
aquifer for general characterization purposes only and did not provide enough detail to 
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because of its rectangular shape; node sizes in the two dimensional array, or grid, required 
by MOCDENSE, were too "rectangular" because of the size of the aquifer ( 40 feet by 
1980 feet (12.2 meters by 603 .5 meters)), and this resulted in very high mass balance 
errors in the model. 
It was also impractical, given the scope of this project, to define the boundary 
conditions for this aquifer for the model code because, along with the two primary 
sources of contamination (the salt pile and the cooling pond), there were several smaller 
sources of contamination at the site which may have contributed to the overall chloride 
concentrations at the site. 
DISCUSSION 
Apparent and Interpreted Resistivity 
Electrical earth resistivity soundings were performed at this site to help define the 
lithology and the horizontal and vertical extent of the contaminant. The amount of 
dissolved solids in groundwater negatively correlates with resistance, and a lower 
measured resistance may indicate higher groundwater salinity (Robinson and Coruh, 
1988). Typical apparent resistivity values for clay range from 3 to 330 ohm-feet (1 to 100 
ohm-meters) and for sand and gravel, 980 to 9800 ohm-ft (300 to 3000 ohm-meters) 
(Robinson and Coruh: 1988). When compared to these values, apparent resistivity values 
were very low in surveys conducted at this site, ranging from 4.88 to 179.19 ohm-feet 
(1.49 to 54.61 ohm-meters). Station 20, located near the buried salt pile, indicated a high 
surface salinity, and resistivity values ranged from 4.88 to 8.67 ohm-feet (1.49 to 2.64 
ohm-meters). This area was also devoid of vegetation, another possible indicator of the 
high salinity content of the soil. 
Correlation between lithology and the vertical resistivity distribution proved 
difficult in some of the stations, especially those located near the buried salt pile. The 
high electrical conductivity in the subsurface to a depth of 12 feet (3 .7 meters) seemed to 
mask any anomalies below this depth. A slight increase in resistivity can be seen on most 
of the graphs, approximately between 6 and 15 feet (1.8 and 4.6 meters) below the 
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surface. This increase in resistivity may be a reflection of the boundary between the layers 
of clayey silt and the sand and gravel, since sand and gravel exhibit a higher resistivity 
than silt. For example, at Station 5 (see Figure 25), an increase in resistivity occurs at a 
depth six feet (1.8 meters) . From the drill log for monitoring wells 6, 7 and 8 (see 
Appendix I), sand and gravel occurs at a depth of six feet (1.8 meters). Resistivity values 
are lower in sediments that are saturated. The decrease in resistivity at 11 feet (3.4 
meters) may mark the water table; at monitoring wells 6, 7 and 8 the water table occurred 
at approximately 11 feet (3.4 meters) below the surface, and at this depth resistivity 
values again decreased. If the preceding assumption is correct, the increase in most of the 
resistivity stations starting at 6 to 15 feet (1.8 to 4.6 meters) may be an indication of the 
boundary between the upper silty layer and the lower sand and gravel layer of the 
alluvium. The decrease in resistivity values on some of the layered models starting at 10 
feet and below (3.0 meters) may be an indication of the depth of the water table. Overall, 
resistivities were low at the site, which may be an indication that most of the site is 
contaminated. 
A correlation was also noted between the chloride and TDS isoconcentration 
maps and the isoresistivity maps (Figures 15 to 17, Appendix VIII and Figures 24 and 
· 25): Isoresistivity contours should parallel isoconcentration contours if interpreted 
resistivity values reflect the quality of the groundwater. The contours of the chloride and 
TDS isoconcentration maps parallel the isoresistivity contours at 5, 10 and 15 ohm-feet 
(1.52, 3.05 and 4.57 ohm-meters), indicating that lower resistivity corresponds to 
contamination of groundwater at the site. Below 15 feet (4.6 meters), resistivities were 
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low over the site and did not exceed 49 ohm-ft (15 ohm-meters). 
Contaminant Migration 
According to existing geochemical data, chloride ions make up the majority of the 
contaminant at this site and are the primary concern of this study. The movement of a 
contaminant is based upon three principal transport mechanisms: advection, dispersion, 
and molecular diffusion. Nonreactive solutes will be carried at a rate equal to the average 
linear velocity of the groundwater, and this is referred to as advection (Freeze and Cherry, 
1979). The contaminant will also become increasingly dilute away from the source, and 
this is largely the result of dispersion, a mixing process caused by the differences in flow 
velocity in the saturated porous medium (Freeze and Cherry, 1979). Molecular diffusion 
is a dispersive process where the ions migrate under a chemical gradient from regions of 
higher to lower concentrations. Advection and dispersion are the primary transport 
mechanisms at the study site. 
The movement of a contaminant may also be impaired from adsorption by clay 
minerals. Chloride is a mobile ion and has a low susceptibility to attenuation, due to the 
nonreaction between clay minerals and the chloride ion (Griffin and others, 1976). 
However, this is not believed to be important in the transport of chlorides at this site. The 
alluvium at this site consists primarily of sand and gravel and contains very few clay 
lenses. 
The transport of the contaminant at this site might also be considered density driven; 
groundwater with a high salinity is much denser than groundwater that has a 
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lower salinity. Dense water overlying less dense water will result in a physically 
unstable condition which promotes downward flow. It is not known how big of a role 
vertical flow of denser groundwater plays at this site. Vertical velocities calculated 
earlier were estimated to be 2 x 10-1 ft/ft. Denser water, especially near the salt pile, may 
increase this velocity. 
Isoconcentration maps indicate a plume of elevated major ions to the south-
southeast, downgradient of the dumpsite, and in the vicinity of the cooling pond. 
Increased precipitation and the resulting infiltration contributes to an increase in major 
ion concentrations, which are transported primarily by advection and longitudinal and 
transverse dispersion. A rise in the water table and the resulting saturation of the buried 
salt pile also increases the major ion concentrations. Recommended concentration limits 
for human consumption were exceeded for major ion concentrations, except for nitrate, in 
all wells analyzed (Table 2). Chloride concentrations have been as high as 185,500 mg/1, 
almost 742 times higher than the recommended concentration limit. 
All monitoring wells, with the exception of the off-site wells, have shown a 
general decrease in chloride concentrations. Monitoring well 7, however, has shown a 
steady increase in chloride levels since 1990 (Figure 23), even when precipitation 
amounts and water table levels have been low. According to the average linear velocities 
previously calculated, it would take groundwater from the dumpsite an average of 15 to 
268 years (averaging the Hvorslev and Bouwer and Rice conductivities) to reach 
monitoring wells 9 and 10; and another 200 years to reach monitoring wells 6, 7, 8 and 
38. The dumpsite probably does not account for increased chloride levels in these 
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. TABLE 2. EPA Drinking Water Standards; Permissible Concentration Limits 
for Human Consumption 
Constituent 














(Freeze and Cherry, 1979, p.386) 









monitoring wells, especially M.W-7 in the past four years. 
A cooling pond was constructed on the site in 1975 for cooling the multi-effect 
evaporaters. System leaks during production caused an increase in chloride levels in this 
pond (Huff, 1989). Water supply wells 3 and 4 have consistently shown high chloride 
levels, exceeding the background levels by 4000 times. To help reduce chloride 
concentrations, Akzo pumped water from these supply wells into the cooling pond in 
1989 (Huff, 1989). The cooling pond temporarily served as a holding pond until the 
water was injected back into the Dakota Formation, 5000 feet (1524 meters) below the 
surface. This process of usirtg the cooling pond as a holding pond for the saline 
groundwater only aggravated elevated chloride concentrations in the pond, and chloride 
levels in the water supply wells either showed no change or increased in chloride 
concentrations. 
The cooling pond may be the primary source of contamination in the monitoring 
wells on the southeast edge of the property, and may also be contributing to M.W-9 and 
MW-10. Chloride levels in M.W-6 have been relatively low compared to M.W-7. 
Chloride concentrations have been as high as 16,700 mg/1 in MW-7, compared to 660 
mg/1 in MW-6. A possible explanation may be lithology barriers, e.g., a clay lense 
upgradient of M.W-6, hindering the chloride concentrations in these wells . 
Stony Creek is also close to M.W-7, and infiltration and recharge from the creek 
bed to the aquifer may also be a source of contamination. However, chloride levels are 
relatively low in the creek (less than 500 mg/1), and any contribution to the contamination 
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sources of contamination, the buried salt pile and the old cooling pond. Each plume 
extends to the base of the alluvium; the first plume extends approximately 550 feet 
( 168 meters) downgradient of the buried salt pile and it is not known how far 
downgradient of the cooling pond ( off of the site property) the second plume extends. 
Further investigations at this site also indicated there may be several minor sources of 
contamination at this site, particularly a waste salt pit approximately 200 feet (61 meters) 
east of the salt pile; two sulfate pits directly southwest of the comer of the building; the 
original cooling pond directly south of the building, which was known to have leaked 
(Murphy, 1996). Other sources may include periodic ruptures of salt lines that 
crisscrossed the site area, individual salt water spills, and salt dust from the salt pile 
before it was covered with the overburden and a plastic cover (Murphy, 1996). These 
sources of contamination may be contributing to the overall contamination of the entire 
site, and may be an explanation of low resistivity values across the site area. 
Earth Resistivity Limitations 
Earth resistivity methods can yield useful results when attempting to locate and 
define the extent of contaminated groundwater. However, conditions must be favorable 
for a successful outcome. These conditions must include the existence of resistivity 
contrasts in the subsurface. If the contaminated groundwater does not have a significantly 
greater conductivity than the natural groundwater, a large enough resistivity contrast may 
not exist. If the depth to water is too great, the thickness of unsaturated sediments may 
mask any contrasts between contaminated and natural groundwater 
,I 
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(Stollar and Roux, 1975), and if the electrical conductivity of the sediments at shallower 
depths is too great any lithologic boundaries at greater depths may be masked (Beal and 
others, 1987). Man-made obstacles such as highways, fences, parking lots, buried 
pipelines, etc., may also inhibit the success of the resistivity survey, either because they 
are physical barriers or they may create electrical interference. 
In this study, some of these unfavorable conditions did exist. Buried cable wires 
Uust west of resistivity station 23) , debris (west of station 6), and a highway on the 
southern edge of the property were encountered, and made resistivity measurements 
impossible. The conductivity of the sediments at shallower depths was also too great in 
some of the surveys ( especially in station 20), and made any correlation with lithology 
infeasible at these stations. 
Earth Resistivity Method vs. Test Drilling 
The usual method for locating and defining the lateral and vertical extent of 
groundwater pollution is to install and sample numerous test wells, a costly and time 
consuming procedure. Earth resistivity surveys can often be an economical and efficient , 
alternative if conditions are favorable. Before resistivity surveys are initiated, an attempt 
should be made to collect data regarding the specific conductance of the natural and 
contaminated groundwater, depth to the water table, probable thickness of the 
contaminated body and the nature of overlying sediments (Stollar and Roux, 1975). 
Resistivity measurements provide an average response over a large volume of subsurface 
conditions and may detect such anomalies as a buried channel that a limited number of 
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test wells may miss (Nielson, 1991). Using geophysical methods, a better drilling and 
sampling plan may be designed by minimizing the number of samples, borings, and 
monitoring wells required to accurately characterize a site; these methods may reduce 
field investigation time and cost and significantly improve the accuracy of the overall 
investigation. The estimated cost of a long-term sampling from monitoring wells may 
range from $75,000 and up over a 30-year period and it makes good sense to minimize 
the number of monitoring wells and optimize the location of those installed (Nielson, 
1991). 
If geologic and hydrologic data are non-existent, the resistivity method by itself 
may still prove useful if conditions are ideal, and may be helpful for planning any future 
test drilling that may still be required, potentially reducing the number of wells needed. 
fu this study, resistivity soundings proved to be useful in the areas lacking geologic and 
hydrologic data. Geophysical methods can provide a means of rapid characterization over 





To better understand the extent and migration of contaminants beneath the Akzo 
Salt Company property, existing lithologic and geochemical data collected by Akzo, the 
North Dakota Geological Survey, and the North Dakota Department of Health were used 
to characterize the hydrogeology of the site. Earth resistivity soundings were also 
conducted to help define the geology and the horizontal and vertical extent of the 
contaminant, especially in areas lacking drill hole information. 
This study revealed that contamination of groundwater by chlorides at levels 
hundreds of times over the recommended drinking levels exists at the Akzo Salt 
Company property. The waste disposal plan inadequately considered the geologic 
materials and processes existing at the site. It can be concluded from previous work at 
this site and from this investigation that: 
(1) An unconfined glaciofluvial aquifer lies beneath the Akzo Salt Company 
property. This aquifer can be divided into two layers; an upper layer 
consisting of clayey silt with sandy silt lenses, and a lower layer consisting of 
sand and gravel. 
(2) The water table generally lies an average of 10 to 15 feet (3.1 to 4.6 meters) 
below the surface and slopes downward to the south-southeast. 







concentrations have been as high as 185,500 mg/1, almost 742 times higher 
than the recommended concentration limit. Chloride concentrations 
increase by a rise in the water table, which saturates the lower boundary of the 
salt pile. 
( 4) There may be two primary sources of contamination at this site; the buried 
waste salt and the old cooling pond. The soils beneath the cooling pond, 
contaminated by system leaks, exhibit elevated chloride levels which have 
been 3500 times higher than background concentrations. Other sources of 
contamination at the site may also exist. 
(5) Comparison of electrical earth resistivity to lithology proved difficult in some 
of the soundings due to high conductivity in the shallower depths that may 
have masked any lithologic boundaries at greater depths . At other stations at 
the site, however, resistivity contours did seem to reflect the boundary 
between the clayey silt and sand and gravel. 
At the conclusion of this study, the Akzo Salt Company drilled several additional 
monitoring wells along the south edge of the property to better evaluate the lithology and 
groundwater conditions downgradient of the sources of contamination. Their data has not 
been made available to this study. The Hardy dumpsite was also removed and relocated 
to a state-approved site in the fall of 1995. 
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APPENDIX I 
LITHOLOGIC DESCRIPTION OF DRILL HOLES 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-1 
GROUND ELEVATION (FT): 1876.1 
METHOD: AUGER 
GRAVEL PACK(FT): 27.5-21.5 
BENTONITE(FT): 21 .5-20 
TOP OF CASING (FT): 1879.34 
SCREEN INTERVAL (FT): 1853.6- 1848.6 
SLOT SIZE: 0.01" 
PIPE: 2" PVC 
DRILLER: NDGS, 6/12/87 
LOCATION: SWl/4 SWl/4 SEl/4 SEC 17 T154N RlOOW . 
Depth (feet) 
0 - 1.5 
1.5 - 15 
15 - 27.5 
Description 
Fill, silty clay and carbonaceous clay 
Salt, includes wood pallets, some 
paper and plastic, screen doors, etc. 
Sand and gravel, medium gray sand, 
medium to coarse grained, 
subangular quartz, two inch diameter 
gravel, subrounded 
Source: North Dakota Geological Survey, 1994 (unpublished) 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-2, MW-3 
GROUND ELEVATION (FT): 1865.6 
:METHOD: AUGER 
GRAVELPACK(FT): MW-2: NATURAL 
MW-3 : 12.5-6.5 
BENTONITE(FT): MW-2: 17.5-15 .5 
MW-3 : 6.5-5 .0 
TOP OF CASING (FT): MW-2: 1867.43 
MW-3 : 1867.48 
SCREEN INTERVAL (FT) : 
MW-2: 1837.6-1835.6 
MW-3 : 1858.1-1853.1 
SLOT SIZE: 0.01" 
PIPE: 2" PVC 
DRILLER: NDGS, 6/13/87 
LOCATION: SWl/4 NEl/4 NWl/4 SEC 20 Tl54N RlOOW 
Depth (feet) Description 
0-1 Fill, silty clay and carbonaceous clay 
1.5 - 6.5 Gray\brown clayey silt, clinker 
pebbles, some silty clay stringers 
6.5 - 13 Sand and silt, medium brown to 
gray, very fine grained, quartz sand 
grains, moist 
13-17.5 Clay and sand, dark gray\blue clay, 
silty clay stringers, dark gray, 
coarse to medium grained sand lenses 
17.5 - 24 Sand, gray, fine to medium grained, 
quartz, subangular 
24-28 Silt, gray to dark gray, sandy, some 
clay 
28 -30 Sand and gravel 
Source: North Dakota Geological Survey, 1994 (unpublished) 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-4, MW-5 
GROUND ELEVATION (FT): 1870 
METHOD: AUGER 
GRAVELPACK(FT): MW-4: 27-22.5 
MW-5: 8-5 
BENTONITE(FT): MW-4: 22.5-21 
MW-5 : 7-5 
TOP OF CASING(FT): MW-4: NIA 
MW-5 : N/A 
SCREEN INTERVAL (FT): 
MW-4: 1843 - 1845 
MW-5 : 1857 - 1862 
SLOT-SIZE: 0.01" 
PIPE: 2" PVC 
DRILLER: NDGS, 6/13/87 





8 - 16 
16 - 18 
18 - 26 
26 - 31 
31 - 37 
Description 
Topsoil 
Clay, dark to medium brown, silty 
Silt, gray to brown, clayey 
Silt, gray to brown, sandy, very fine 
grained, quartz, subrounded 
Sand and gravel 
Sand, gray, very fine grained 
Sand and gravel 
Sand, gray, very fine grained, some 
gravel 
Source: North Dakota Geological Survey, 1994 (unpublished) 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-6, MW-7, MW-8 
MW-38* 
GROUND ELEVATION (FT): 1860 
:METHOD: AUGER 
GRAVEL PACK(FT): MW-6: NATURAL 
MW-7: NATURAL 
MW-8: 13-8 
BENTONITE(FT): MW-6: 38-36 
MW-7: 18-16 
MW-8: 7-5 
TOP OF CASING (FT): MW-6: 1859.72 
MW-7: 1860.64 
MW-8: 1860.80 
SCREEN INTERVAL (FT): 
SLOT SIZE: 0.01" 




DRILLER: NDGS, 6/13/87 
LOCATION: SEl/4 SEl/4 NWl/4 SEC 20 T154N RlOOW 
Depth (feet) Description 
0-2 
2-6 
6 - 21 
21 - 23 
23 - 33 
33 - 38 
38-42 
Topsoil 
Clay, dark to medium brown, silty 
Sand, medium brown, very fine to 
coarse grained, silty, some pebbles 
Gravel 
Clay, green to blue\gray, clean, 
organic free 
Sand, .very coarse grained 
Gravel 
Source: North Dakota Geological Survey, 1994 (unpublished) 
· *Information is not available on MW-38. 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-9, MW-10 TOP OF CASING (FT): MW-9: 1865.86 
· MW-10: 1864.97 
GROUND ELEVATION (FT): NIA SCREEN INTERVAL (FT): 
MW-9: 1836-1834.6 
MW-10: 1854.1- 1849.1 
:METHOD: AUGER SLOT SIZE: 0.01" 
GRAVELPACK(FT): MW-9: NATURAL PIPE: 2" PVC 
MW-10: 15 .5-9 
BENTONITE(FT): MW-9: 28-26 DRILLER: NDGS, 6/13/87 
MW-10: 9-7 
LOCATION: NEl/4 SEl/4 NWl/4 SEC 20 Tl54NRI00W 
Depth (feet) 
0-1 
1 - 8 
8-9 
9- 13 
13 - 30 
Description 
Topsoil 
Silt, medium to dark brown, clayey 
Sand, very fine grained, quartz, sub-
rounded 
Silt, medium to dark gray\brown, 
some very fine sand, clayey 
Sand and gravel, medium to dark 
gray/brown, coarse grained sand,.. 
pebbles 
Source: North Dakota Geological Survey, 1994 (unpublished) 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-11 , MW-12 
GROUND ELEVATION (FT): 1868.4(11) 
1868.5(12) 
METHOD: AUGER 
GRAVEL PACK(FT): MW-11 : NATURAL 
MW-12: 17.5-11 
BENTONITE(FT): MW-11 : 20-18 
MW-12: 11-7 
LOCATION: SEC 20 Tl54N RlOOW 
Depth (feet) 
0-1 
1 - 10 
10 - 22 
22-30 
TOP OF CASING (FT): MW-11: 1869.23 
MW-12: 1868.25 
' 
SCREEN INTERVAL (FT) : 
MW-11: 1840-1838.9 
MW-12: 1856.1-1851.1 
SLOT SIZE: 0.01" 
PIPE: 2" PVC 
DRILLER: NDGS, 6/13/87 
Description 
Topsoil 
Silt, gray\brown to light brown, very 
fine sand, some clay 
Sand and gravel, medium 
gray\brown, pebble size gravel, 
coarse sand, gravel, increasing in 
size downward, up to two inches in 
diameter 
Glacial till, gray, pebbles, some 
lignite stringers 
Source: North Dakota Geological Survey, 1994 (unpublished) 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-13 
GROUND ELEVATION (FT): 1867.4 
METHOD: AUGER 
GRAVEL P ACK(FT) : 13-7 
BENTONITE(FT): 7-5 




8 - 18 
18 - 23 
23 - 28 
TOP OF CASING (FT): 1868.65 
SCREEN INTERVAL (FT): 1858.5-1853.5 
SLOT SIZE: 0.01" 
PIPE: 2" PVC 
DRILLER: NDGS, 6/13/87 
Description 
Silt, yellow\brown, clayey 
Silt, gray to dark gray, clayey 
Sand, light to medium brown, 
subrounded quartz, some medium to 
coarse grained gravel, clinker gravel 
Clay, gray to white, lignitic 
Silt, gray to medium gray, lignitic 
and carbonaceous zones 
Source: North Dakota Geological Survey, 1994 (unpublished) 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-14, MW-15 
GROUND ELEVATION (FT): 1866.5 
METHOD: AUGER 
GRAVELPACK(FT): MW-14: 32.5-28 
MW-15 : 25-20 
BENTONITE(FT): MW-14: 28-25 
MW-15 : 20-18 
TOP OF CASING (FT): MW-14: 1870.84 
MW-15: 1871.09 
SCREEN INTERVAL (FT): 
MW-14:1837-1834 
MW-15 : 1843.5-1841.5 
SLOT SIZE: 0.01" 
PIPE: 2" PVC 
DRILLER: NDGS, 6/13/87 





8 - 18 
18 - 36 
36 - 41 
41 - 43 
Description 
Silt, light gray\brown, clayey, 
contains salt crystals 
Silt, medium to dark brown, clayey 
Sand, light grey, very fine grained, 
silty, some clay 
Silt, gray\brown, contains medium to 
fine grained lenses of sand, 
interbedded carbonaceous silt beds 
Sand and gravel, coarse sand, edium 
brown to gray, pea size gravel 
Gravel 
Till and clay 
Source: North Dakota Geological Survey, 1994 (unpublished) 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-25 
GROUND ELEVATION (FT) : 1871.5 
METHOD: AUGER 
SAND PACK(FT): 19-12 
BENTONITE(FT): 12-10 
TOP OF CASING (FT): 1873 .3 
SCREEN INTERVAL (FT): 1857.5-1852.5 
SLOT SIZE: N/ A 
PIPE: 2" PVC 
DRILLER: Twin City Testing, 8/16/89 
LOCATION: SEl/4 SEl/4 SEC 17 T154N RlOOW 
Depth (feet) 
0 - 10 
10 - 11 
11 - 14.5 
14.5 - 15 .5 
15 .5 - 16 
16 - 17 
17-17.5 
17.5 - 18.5 
18.5 - 19.5 
19.5 - 20 
20 - 20.5 
Source: Huff, 1988 
Description 
Fill, mostly salt with wood, paper, 
plastic 
Fill, mostly silty sand, fine-grained, 
dark brown, moist 
Silty sand, fine-grained, brown, 
moist, layer of clean sand at 14', 6" 
layer of silty sand at 13' 
Sandy silt, grayish brown, wet, loose 
Sand, medium to coarse 
Clay, gray, medium 
Sand with gravel, medium 
Clay, gray 
Sand with little gravel, coarse 
grained, gray 
Clayey sand with a little gravel, gray 





DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-32 
GROUND ELEVATION (FT): 1873 .0 
METHOD: AUGER 
SAND PACK(FT): 23-14.5 
BENTONITE(FT): 14.5-12.5 
TOP OF CASING (FT): 1874.9 
SCREEN INTERVAL (FT): 1855-1850 
SLOT SIZE: N/A 
PIPE: 2" PVC 
DRILLER: Twin City Testing, 8/17/89 
LOCATION: SEl/4 SEl/4 SEC 17 T154N RlOOW 
Depth (feet) 
0 - 16 
16 - 16.5 
16.5 - 18 
18 - 19 
19 - 20 
Source: Huff, 1988 
Description 
Fill, mostly salt with wood, paper, 
plastic, white to light brown and 
reddish brown, dry, sulfate-like 
material at 10.5'-12.5', pockets 
of salt in the sulfate, layer of wet 
clay fill at12.5', yellow pocket near 
15' 
Sandy lean clay, grayish brown, 
medium 
Silty sand with a little gravel, 
medium grained, brown, wet 
Organic clay, gray, medium 
Sand, medium to coarse-grained, 
brown, loose 
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DRILL LOGS AND WELL INFORMATION 
WELL NUMBER: MW-37 
GROUND ELEVATION (FT): 1866.1 
METHOD: AUGER 
SAND PACK(FT): 33-26 
BENTONITE(FT): 26-24 
TOP OF CASING (FT): 1867.85 
SCREEN INTERVAL (FT): 1839.9-1834.9 
SLOT SIZE: NIA 
PIPE: 2" PVC 
DRILLER: Twin City Testing, 8/18/89 
LOCATION: SEl/4 SEl/4 SEC 17 Tl54NR100W 
Depth (feet) 
0 - 23 
23 - 33 
33 - 36 
36-40 
40- 42.5 
42.5 - 43 
43 -44 
44- 49.5 
? = Questioned by the driller 
Source: Huff, 1988 
Description 
No sampling 
Sand with a little gravel, fine to 
medium grained, gray, loose 
Silt, greenish grey to yellowish 
brown, medium, dense 
? Shale, gray, stiff to very stiff, moist 
and dense, l" layer of lignite at 3 7' 
Silt, gray, moist, very dense 
? Shale, gray, very stiff 
Silt, gray, moist, very dense 






SLUG T~ST DATA 
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Piezometer Hvorslev Bouwer & Rice 
6 r = 1" re = 1" A = 2.2, B= 0.48 
L=24" rw = 1" y0 = 23 .03" 
R= 1" Le= 24" y1 = 19.29" 
T0 = 250 sec H = 480" Lw = 372.1" 
t= 45 sec ln(R/rw) = 2.69 
7 r = 1" re= 1" A = 2.2, B=0.48 
L=24" rw = 1" Y0 = 15.53" 
R= 1" Le= 24" y1 = 11.81" 
T0 = 121 sec H =480" Lw = 101.9" 
t = 60 sec ln(R/rw) = 2.23 
14 r = 1" re= 1" A= 2.9, B=0.50 
L= 36" rw = 1" Yo= 4.33" 
R= 1" Le= 36" y1 = 2.17" 
T0 =29sec H =420" Lw = 168.1" 
t = 36 sec ln(R/rw) = 2.69 
15 r = 1" re= 1" A = 2.2, B=0.48 
L=24" rw = 1" y0 = 23 .23" 
R= 1" Le= 24" y1 = 6.69" 
T0 = 660 sec H=420" Lw = 250" 
t = 910 sec ln(R/rw) = 2.54 
1.1 A+ B(H - Lw)/rw 
ln(R/rw) = [ ------- + ---------------------- ]-1 (Bouwer, 1989) 
ln(Lw/rw) L/rw 
where H = thickness of aquifer 
Lw = distance from bottom of well screen to the water table 
Le = length of screen 
A, B = dimensionless numbers that are a function of L/rw, found on a plot by 
Bouwer (1989, Figure 2) 
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Piezometer 6 Piezometer 7 
Depth to Water Depth to Water 
Time(min) (meters) h hlho Time(min) meters h hlho 
Static Level 4.485 Static Level 4.485 
0:00 5.485 (h0) 1 1 0:00 3.490 (h0) .995 1 
0:10 5.470 .985 .985 0:15 3.865 .620 .623 
0:20 5.420 .935 .935 0:22 3.850 .635 .638 
0:25 5.400 .915 .915 0:30 3.915 .570 .573 
0:30 5.390 .905 .905 0:40 3.930 .555 .558 
0:40 5.370 .885 .885 0:45 3.950 .535 .538 
0:45 5.340 .855 .855 0:51 3.970 .515 .518 
0:50 5.320 .830 .830 0:55 3.980 .505 .508 
0:55 5.300 .815 .815 1:01 4.000 .485 .487 
0:60 5.295 .810 .810 1:15 4.025 .460 .462 
1:05 5.285 .800 .800 1:20 4.040 .445 .447 
1: 15 5.250 .765 .765 1:35 4.065 .420 .422 
1:20 5.230 .745 .745 1:41 4.080 .405 .407 
1:25 5.220 .735 .735 1:50 4.095 .390 .392 
1:30 5.200 .715 .715 1:58 4.105 .380 .382 
1:40 5.170 .655 .655 2:10 4.125 .360 .362 
1:45 5.160 .675 .675 2:20 4.140 .345 .347 
1:50 5.150 .665 .665 2:35 4.155 .330 .332 
2:05 5.100 .615 .615 2:44 4.160 .325 .327 
2:15 5.090 .605 .605 2:58 4.185 .300 .302 
2:20 5.070 .585 .585 3:12 4.200 .285 .286 
2:30 5.050 .565 .565 3:25 4.225 .260 .261 
2:40 5.030 .545 .545 4:00 4.300 .185 .186 
2:45 5.010 .525 .525 
2:55 5.000 .515 .515 
3:05 4.980 .495 .495 
3:15 4.950 .465 .465 
3:25 4.930 .445 .445 
3:30 4.920 .435 .435 
3:40 4.910 .425 .425 
3:50 4.890 .405 .405 
4:30 4.810 .325 .325 
4:50 4.770 .285 .285 
(Murphy, 1987) 
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Piezometer 14 Piezometer 15 
Depth to Water Depth to Water 
Time(min) (meters) h h/h0 Time(min) (meters) h h/h0 
Static Level 5.640 Static Level 5.673 
0:00 6.630 (ho) .990 1 0:00 4.635 (h0) 1.038 1 
0:30 6.000 .360 .363 0:20 4.640 1.033 .995 
0:40 5.930 .290 .293 0:30 4.655 1.018 .976 
0:45 5.880 .240 .242 0:45 4.685 .988 .952 
0:55 5.830 .190 .192 0:53 4.700 .973 .937 
1:05 5.780 .140 .141 1:01 4.715 .958 .923 
1:10 5.760 .120 .121 1:13 4.725 .948 .913 
1: 16 5.740 .100 .101 1:25 4.755 .918 .884 
1:25 5.720 .080 .080 1:35 4.650 .923 .889 
1:30 5.710 .070 .070 1:45 4.750 .823 .793 
1:35 5.700 . . 060 .060 1:55 4.850 .723 .697 
1:48 5.685 .045 .045 1:59 4.800 .873 .841 
1:56 5.680 .040 .040 2:15 4.825 .848 .817 
2:01 5.670 .030 .030 2:45 4.860 .813 .783 
2:12 5.650 3:15 4.900 .773 .744 
2:20 5.600 3:45 4.925 .748 .721 
2:30 5.600 5:00 5.015 .658 .634 
2:50 5.655 6:00 5.080 .595 .573 
11 :00 5.288 .385 .371 
15:00 5.415 .258 .249 
20:00 5.510 .163 .157 
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WATER LEVEL ELEVATIONS 
116 
MONITORING WELLS, WATER LEVEL ELEVATIONS, (FEET) 
September, 1987 - June, 1994 (Huff. 1993) 
Date MW-1 MW-2 MW-3 MW-6 
09/22/87 1852.01 1851.81 1855.69 1848.36 
09/28/88 - 1848.93 1853.94 1844.72 
10/14/88 1850.04 1846.71 1853.86 1845.05 
11/21/88 1849.95 1849.53 1854.18 1846.65 
12/20/88 1850.29 1850.78 1853.33 1847.46 
01/11/89 1850.60- 1851.15 1853.1 1847.99 
03/02/89 1851.38 1851.78 18)3.1 1849.12 
03/22/89 1852.00 1852.49 1854.16 1850.62 
04/18/89 1853.78 1853.86 1856.15 1850.77 
05/15/89 1854.75 1854.54 1856.24 1850.71 
06/06/89 1854.85 1857.52 1856.31 1851.39 
08/16/89 1855.21 1854.91 1855.66 1850.80 
10/04/89 1854.49 1854.11 1855.08 1849.17 
10/20/89 1854.44 1857.60 - 1849.80 
05/02/90 1854.27 - - 1850.39 
05/29/90 1853.77 1853.01 1855.48 1850.30 
08/17/90 1854.02 1854.10 1854.32 1850.30 
12/03/90 1855.76 1856.26 1853.10 1853.30 
02/04/91 1855.92 1856.10 1853.10 1852.22 
04/24/91 1857.34 1856.76 1858.48 1853.22 
06/14/91 1855.54 1855.03 1856.28 1850.82 
07/21/91 1855.54 - - -
10/15/91 1855.14 1854.83 1855.88 1850.52 
12/13/91 1855.34 1854.83 1856.08 1850.82 
02/28/92 1855.54 1855.03 1856.18 1851.22 
117 
MONITORING WELLS, WATER LEVEL ELEVATIONS, (FEET) (contin) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-1 MW-2 MW-3 MW-6 
04/10/92 1855,54 - - -
05/20/92 1855.54 1855.23 1856.48 1850.82 
07/20/92 1855.04 1855.33 1855.78 1850.82 
10/08/92 1854.74 1854.33 1855.38 1850.62 
11/27/92 1854.54 1854.13 1855.08 1850.62 
04/16/93 1854.94 1854.53 1855.28 1851.12 
06/06/93 1855.04 1854.73 1855.68 1851.12 
08/10/93 1856.54 1855.83 1856.98 1851.52 
09/06/93 1858.94 1855.83 1859.48 1852.52 
09/15/93 1859.40 - - -
10/31/93 1856.84 1856.33 1857.18 1851.42 
12/12/93 1856.64 1855.73 1857.08 1851.32 
04/10/94 1858.04 1857.33 1858.38 1851.92 
' 
06/26/94 1857.34 1857.03 1857.78 1851.92 
1- -· --------
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MONITORING WELLS, WATER LEVEL ELEVATIONS, (FEET) 
--
September, 1987 - June, 1994 (Huff, 1993) 
Date 'MW-7 MW-8 MW-38 MW-9 
09/22/87 1848.88 1848.82 - -
09/28/88 1845.45 - - -
10/14/88 1844.99 1847.63 - 1846.22 
11/21/88 1846.19 1847.00 - 1849.26 
12/20/88 1846.94 1847.00 - 1850.20 
01/11/89 1847.47 1847.53 - 1850.87 
03/02/89 1848.68 1846.68 - 1852.06 
03/22/89 1850.34 1850.35 - 1852.84 
04/18/89 1850.41 1850.43 - 1853.32 
05/15/89 1850.26 1850.29 - 1853.98 
06/06/89 1850.64 1850.72 - 1854.85 
08/16/89 - 1850.27 - 1854.24 
10/04/89 1849.29 1849.32 1849.18 1851.86 
10/20/89 1849.31 1849.38 1849.68 1852.19 
05/02/90 - 1849.30 1850.23 -
05/29/90 1848.98 1849.22 1850.06 1851.86 
08/17/90 1848.64 1848.80 1850.31 1853.11 
12/03/90 1852.64 1852.80 1852.98 1854.53 
02/04/91 1852.72 1852.80 1850.58 1854.61 
04/24/91 1852.64 1852.80 1852.98 1855.19 
06/14/91 1850.14 1850.30 1850.58 1851.96 . 
07/21/91 1850.04 - 1850.58 -
10/15/91 1849.94 1850.10 1850.38 1853.66 
12/13/91 1850.04 1850.10 1850.48 1853.66 
02/28/92 1850.44 1850.60 1850.98 1854.26 
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MONITORING WELLS, WATER LEVEL ELEV A TIONS, (FEET) ( contin) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-7 MW-8 MW-38 MW-9 
04/10/92 1850.14 1850.30 1850.48 -
05/20/92 1850.04 1850.20 1850.58 1854.06 
07/20/92 1850.04 1850.10 1850.48 1853.76 
10/08/92 1849.94 1850.10 1849.38 1853.66 
11/27/92 1849.94 1850.10 1850.38 1853.46 
04/16/93 1850.34 1850.50 1850.88 1853.76 
06/06/93 1850.44 1850.50 - 1850.78 1853.66 
08/10/93 1850.74 1850.80 1850.
1
78 1854.76 
09/06/93 1851.34 1851.40 1851.18 1853.66 
09/15/93 - - - -
10/31/93 1850.74 1850.70 1851.18 1855.26 
12/12/93 1850.64 1850.70 1851.18 1855.16 
04/10/94 1850.94 1851.10 1851.58 1855.66 
06/26/94 1850.74 1850.80 1851.58 1855.76 
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MONITORING WELLS, WATER LEVEL ELEVATIONS, (FEET) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-10 MW-11 MW-12 MW-13 
09/22/87 - 1852.91 1852.98 1856.43 
09/28/88 - 1850.93 1852.05 -
10/14/88 1849.17 1850.73 1851.94 1854.77 
11/21/88 1849.05 1851.08 1851.80 1853.50 
12/20/88 1850.05 1851.71 1851.90 1853.50 
01/11/89 1850.75 1852.10 1852.05 1853.50 
I 03/02/89 1851.99 1852.79 1852.50 1853.50 
03/22/89 1852.77 1854.18 1853.85 1853.50 
04/18/89 1853.24 1855.52 185.5.40 1858.34 
05/15/89 1853.89 1856.18 1856.10 1858.03 
06/06/89 1854.47 1857.53 1856.77 1858.40 
08/16/89 1854.13 1856.23 1856.08 1856.09 
10/04/89 1851.87 1855.43 1855.27 1855.48 
10/20/89 1852.22 1855.40 1854.94 1855.40 
05/02/90 - 1855.40 1855.68 1853.50 
05/29/90 1853.93 1855.73 1855.73 -
08/17/90 - 1856.23 1854.35 · 1853.50 
12/03/90 1854.97 1857.06 1857.77 1853.50 
02/04/91 1855.05 1857.15 1857.68 1853.50 
04/24/91 1856.97 1858.56 1858.85 1859.65 
06/14/91 1851.77 1856.63 1856.45 1857.75 
07/21/91 - - - -
10/15/91 1853.67 1856.23 1855.95 1856.75 
12/13/91 1853.67 1856.43 1855.95 1857.65 
02/28/92 1854.17 1856.73 1856.25 1857.75 
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MONITORING WELLS, WATER LEVEL ELEV A TIONS, (FEET) ( contin) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-10 MW-11 MW-12 MW-13 
04/10/92 - - - -
05/20/92 1853.97 1856.82 ' 1856.55 1857.25 
07/20/92 1853.77 1856.03 1855.85 1856.25 
10/08/92 1853.57 1855.73 1855.45 1855.55 
11/27/92 1853.27 1855.63 1855.35 1855.55 
04/16/93 1853.67 1856.23 1855.95 1857.05 
06/06/93 1853.57 1855.93 1855.65 1856.35 
08/10/93 1854.67 1857.63 1857.35 1858.35 
09/06/93 1855.87 1859.33 1859.05 1858.85 
09/15/93 - - - -
i0/31/93 1855.17 1858.13 1857.95 1858.25 
12/12/93 1855.07 1857.93 1857.65 1858.15 
04/10/94 1855.67 1859.03 1858.65 1859.15 
06/26/94 1855.67 1858.93 i858.65 1858.55 
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MONITORING WELLS, WATER LEVEL ELEV A TIONS, (FEET) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-14 MW-15 MW-25 MW-32 
09/22/87 1849.97 1850.06 - -
09/28/88 1848.40 1848.46 - -
10/14/88 1848.56 1848.60 - -
11/21/88 1849.60 1849.67 - -
12/20/88 1850.33 1850.42 - -
01/11/89 1850.90 1850.99 - -
03/02/89 1851.95 1852.05 - -
03/22/89 1852.87 1852.98 - -
04/18/89 1853.90 1854.02 - -
05/15/89 1854.80 1854.92 - -
06/06/89 1855.42 1855.50 - -
08/16/89 1855.12 1855.24 - -
10/04/89 1853.87 1854.00 1854.15 1855.0 
10/20/89 1854.00 1854.25 1854.40 1855.2 
05/02/90 1854.00 1853.92 1853.55 1856.4 
05/29/90 1854.50 1854.59 1854.64 1853.07 
08/17/90 1855.67 1854.92 1854.47 1855.15 
12/03/90 1855.76 1856.42 1857.22 1857.32 
02/04/91 1855.76 1856.42 1857.30 1857.15 
04/24/91 1857.01 1857.09 1857.30 1858.90 
06/14/91 · 1855.14 1855.29 / 1854.50 1856.00 
07/21/91 1855.24 1855.39 1855.50 1856.40 
10/15/91 1854.74 1854.89 1855.00 1855.70 
12/13/91 1854.74 1854.89 1854.90 1855.60 
0'))28/92 1855.34 1855.49 1855.10 1855.80 
·------ · 
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MONITORING WELLS, WATER LEVEL ELEV A TIO NS, (FEET) ( contin) 
September, 19S7 - June, 1994 (Huff, 1993) 
Date MW-14 MW-15 MW-25 MW-32 
04/10/92 1855.14 - 1855.30 1856.00 
05/20/92 1855.14 1855.29 1855.50 1856.20 
07/20/92 1854.64 1854.79 1854.90 1855.60 
10/08/92 1854.24 1854.39 1854.40 1855.10 
11/27/92 1854.04 1854.19 1854.30 1854.90 
' 04/16/93 1854.74 1854.89 1854.70 1855.10 
06/06/93 1854.74 1854.79 1854.70 1855.20 
08/10/93 1856.24 1856.29 1856.30 1857.10 
09/06/93 1857.74 1857.79 1858.70 1861.50 
I 
09/15/93 - - - -
10/31/93 1856.74 1856.79 1856.90 1857.70 
12/12/93 1856.64 1856.79 1856.60 1857.40 
04/10/94 1857.14 '1857.39 1860.20 1860.30 
06/26/94 1857.14 1857.29 1859.40 1858.40 
·-
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MONITORING WELLS, WATER LEVEL ELEVATIONS, (FEET) 
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STONY CREEK CHLORIDE CONCENTRATIONS, mg/1 
September, 1987 - June, 1994 (Huff, 1993) 
Date Est. Stream Upstream Downstream 1/2 Mile 
Flow, gpm Downstream 
09/27/87 - 21 - -
09/29/88 - - 7170 -
04/18/89 - 7 101 -
06/16/89 - 8 891 -
05/29/90 - 21 332 -
06/13/91 12 40 4540 616 
06/17/91 25 40 4240 2080 
06/20/91 50 40 1920 2080 
06/24/91 35 40 2220 1630 
07/01/91 50 41 545 411 
09/16/91 35 36 2360 1440 
09/24/91 8 46 4780 1950 
02/28/92 35 41 62 206 
04/22/92 22 31 1590 - 247 
06/02/92 0 41 4730 1540 
07/01/92 4 26 2830 1640 
11/05/92 0 31 5710 4040 
04/10/93 0 21 945 540 
06/04/93 0 52 3470 1350 
06/08/93 7 52 1360 2490 
07/03/93 650 21 24 31 
08/10/93 40 10 426 416 
132 
STONY CREEK CHLORIDE CONCENTRATIONS, mg/1 ( contin) 
September, 1987 - June, 1994 (Huff, 1993) 
Date Est. Stream Upstream Downstream 1/2 Mile 
Flow, gpm Downstream 
09/06/93 70 6 239 243 
11/02/93 50 50 1418 732 
12/10/93 20 11 717 546 
04/11/94 350 6 57 57 
05/23/94 160 11 216 182 
06/26/94 100 11 410 353 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/1) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-1 MW-2 MW-3 MW-6 
09/22/87 83300 7100 6350 678 
09/28/88 - 7720 5690 437 
10/14/88 - - - I -
11/21/88 - - - -
12/20/88 - - - -
01/11/89 - - - -
03/02/89 - - - -
03/22/89 - - - -
04/18/89 - - - -
05/15/89 70400 7240 6260 78 
06/06/89 - - - -
08/16/89 - - - -
10/04/89 - - - -
10/20/89 54900 7570 6460 608 
05/02/90 39600 - - 642 
05/29/90 37500 - - 456 
08/17/90 35600 7070 6580 486 
12/03/90 29800 6400 - 957 
02/04/91 32320 6560 - 677 
04/24/91 33330 6670 5960 707 
06/14/91 30300 6160 6060 909 
07/21/91 31870 - - -
10/15/91 29800 6370 6060 719 
12/13/91 31870 6060 6270 740 
02/28/92 32900 6170 6480 1030 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/1) ( contin) 
September, 1987 - June, 1994 (Huff: 1993) 
Date MW-1 MW-2 MW-3 MW-6 
04/10/92 25700 - - -
05/20/92 25700 6170 6680 720 
07/20/92 22700 6060 6680 925 
10/08/92 21600 5960 6780 925 
11/27/92 20560 5860 6680 760 
04/16/93 21300 5820 6860 620 
06/06/93 18400 4630 3950 770 
08/10/93 20800 5400 6550 570 
09/06/93 129900 5510 6550 -
09/15/93 122000 - - -
10/31/93 58200 5460 8730 610 
12/12/93 52300 5230 8080 610 
04/10/94 135400 5800 8190 660 
06/26/94 51200 4700 8080 600 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/I) 
September, 1987 - June, 1994 (Huff: 1993) 
Date MW-7 MW-8 MW-38 MW-9 
09/22/87 202 145 - 2760 
09/28/88 2990 - - 6980 
10/14/88 - - - -
11/21/88 - - - -
12/20/88 - - - -
01/11 /89 - - - -
03/02/89 - - - -
03/22/89 - - - -
04/18/89 - - - -
05/15/89 2900 1050 - 6200 
06/06/89 - - - ·-
08/16/89 - - - -
10/04/89 3060 - - -
10/20/89 3060 801 633 5910 
05/02/90 - 1070 - -
05/29/90 - 1070 ' 546 -
08/17/90 4030 890 I 650 5250 
12/03/90 3610 1170 957 4150 
02/04/91 3790 1370 666 3390 
04/24/91 5250 1310 747 4950 
06/14/91 5250 1410 888 4850 
07/21/91 6680 - 904 -
10/15/91 7710 1640 863 5450 
12/13/91 8740 1640 884 5140 
02/28/92 9770 1850 873 4630 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/1) (contin) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-7 MW-8 MW-38 MW-9 
04/10/92 11100 1540 935 -
05/20/92 11300 1540 884 4630 
07/20/92 12540 1440 925 4420 
10/08/92 12750 2160 915 3390 
11/27/92 12950 2060 781 4010 
04/16/93 12990 2290 831 3840 
06/06/93 9560 1380 925 3530 
08/10/93 12880 1770 810 3220 
09/06/93 12680 2600 - 3220 
09/15/93 15200 - - -
10/31/93 15200 2300 . 914 3760 
12/12/93 15800 1930 899 3760 
04/10/94 16700 3190 888 4210 
06/26/94 14200 2960 910 3070 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (rng/1) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-10 MW-11 MW-12 MW-13 
09/22/87 - 266 456 2170 
09/28/88 - 203 265 -
10/14/88 - - - -
11/21/88 - - - -
12/20/88 - - - -
01/11/89 - - - -
03/02/89 - - - -
03/22/89 - - - -
04/18/89 - - - -
05/15/89 629 115 2770 560 
06/06/89 - - - 1715 
08/16/89 - - - -
10/04/89 - - - -
10/20/89 
' 
2390 276 698 1582 
05/02/90 - 139 664 -
05/29/90 - 75 514 -
08/17/90 - 54 428 -
12/03/90 1910 128 638 -
02/04/91 1580 91 424 -
04/24/91 2320 151 414 333 
06/14/91 2830 242 373 363 
07/21/91 - - - -
10/15/91 2670 41 308 595 
12/13/91 2360 370 330 401 
02/28/92 2260 102 267 421 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/I) ( contin) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-10 MW-11 MW-12 MW-13 
04/10/92 - - - -
05/20/92 2060 144 329 462 
07/20/92 1540 62 421 771 
10/08/92 1640 154 442 956 
11/27/92 1440 140 432 956 
04/16/93 1350 160 395 478 
06/06/93 540 52 301 572 
08/10/93 1020 31 197 956 
09/06/93 935 52 405 6750 
09/15/93 - - - -
10/31/93 760 83 1490 6960 
12/12/93 800 130 1230 6140 
04/10/94 840 490 2310 4780 
06/26/94 940 270 940 3760 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/1) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-14 MW.:15 MW-25 MW-32 
09/22/87 40500 28300 - -
09/28/88 17900 9870 - -
10/14/88 - - - -
11/21/88 - - - -
12/20/88 - - - -
01/11/89 - - - -
03/02/89 - - - -
03/22/89 - - - -
04/18/89 - - - -
05/15/89 14700 6930 - -
06/06/89 - - - -
08/16/89 - - - -
10/04/89 - - - -
10/20/89 14560 6330 - 37980 
05/02/90 · 15320 - 126400 7710 
05/29/90 15400 6430 120000 22500 
08/17/90 14900 5780 123000 31300 
12/03/90 11700 7440 116900 21600 
02/04/91 13800 5350 121000 26000 
04/24/91 16200 5420 118000 29300 
06/14/91 13100 4540 92900 26300 
07/21/91 12000 4730 128500 30840 
10/15/91 12300 4630 118200 25700 
12/13/91 15400 4210 113100 26700 
02/28/92 16400 4210 85300 25700 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/I) (contin) 
September, 1987 - June, 1994. (Huff, 1993) 
Date MW-14 MW-15 MW-25 MW-32 
04/10/92 13400 - 82200 27800 
05/20/92 12700 4210 74000 25700 
07/20/92 13400 4220 81200 25700 
10/08/92 13400 4210 99700 24700 
11/27/92 13400 4110 98700 22600 
04/16/93 11300 4260 128800 21400 
06/06/93 9600 2740 97700 21800 
08/10/93 8310 4050 123600 21800 
09/06/93 7270 3800 159000 43600 
09/15/93 - - - -
10/31/93 13500 3840 153800 32200 
12/12/93 17300 3760 154800 28400 
04/10/94 22300 · 5120 185500 30700 
06/26/94 22800 5240 108100 17100 
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/1) 
September, 1987 - June, 1994 (Huff, 1993) 
Date MW-37 MW-4 MW-5 
09/22/87 - 14.4 16 
09/28/88 - - -
10/14/88 - - -
11/21/88 - - -
12/20/88 - - -
01/11/89 - - -
03/02/89 - - -
03/22/89 - - -
04/18/89 - - -
05/15/89 - 11.4 11.4 
06/06/89 - - -
08/16/89 - - -
10/04/89 I - - -
10/20/89 20340 - -
05/02/90 17860 - -
05/29/90 19300 - -
08/17/90 17700 - -
12/03/90 16300 - -
02/04/91 17200 - -
04/24/91 17170 - -
06/14/91 13130 - -
07/21/91 16140 - -
10/15/91 20560 9.4 9.1 
12/13/91 20560 - -
02/28/92 15240 - -
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MONITORING WELLS, CHLORIDE CONCENTRATIONS, (mg/1) ( contin) 
Sept~mber, 1987 - June, 1994 (Huff, 1993) 
Date MW-37 MW-4 MW-5 
04/10/92 16960 - -
05/20/92 15730 - -
07/20/92 17480 - -
10/08/92 17480 - -
11/27/92 18500 - -
04/16/93 13100 - -
06/06/93 13900 - -
08/10/93 21500 - -
09/06/93 11700 - -
09/15/93 - - -
10/31/93 17700 - -
12/12/93 16800 - -
04/10/94 17300 - -
06/26/94 16400 - -
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WATER SUPPLY WELLS CHLORIDE CONCENTRATIONS, (mg/1) 
May, 1965 - June, 1994 (Huff, 1993) 
Date WS#l WS#2 WS#3 WS#4 
05/26/65 - 35400 - -
06/26/65 9250 - - -
08/30/82 10730 18590 - -
12/05/84 11010 14190 - -
08/23/85 - - - 16090 
10/09/87 15900 - - -
09/28/88 - - - 46100 
11/15/89 - - 40000 -
11/25/89 - - 30000 -
11/30/89 - - 24000 -
12/04/89 - - 21000 -
12/22/89 - - 21000 -
05/02/90 86 - 21000 -
05/29/90 75 - 17000 8570 
08/17/90 64 - 24600 7830 
12/03/90 106 - 18000 19100 
02/04/91 111 - 22200 7480 . 
04/24/91 101 - 20200 7270 
06/14/91 181 - 19200 6500 
07/21/91 - - 18500 23850 
10/15/91 102 - 18500 22000 
12/13/91 113 - 19500 21800 
02/28/92 72 - 16400 19800 
04/10/92 - - 17000 -
05/20/92 164 - 15800 19600 
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WATER SUPPLY WELLS CHLORIDE CONCENTRATIONS, (mg/1) ( contin) 
May, 1965 - June, 1994 (Huff, 1993) 
Date WS#l WS#2 WS#3 WS#4 
7/20/92 205 - 15400 18500 
10/08/92 206 - 15400 18500 
11/27/92 82 - 15400 18500 
04/16/93 46 - 16100 17400 
06/06/93 96 - 16000 12500 
08/10/93 229 - 11400 14500 
09/06/93 48 - - -
10/31/93 42 - 11800 15000 
12/12/93 46 - 13800 14500 
04/10/94 80 - 10600 14800 










SAMPLE ANALYSES FROM MONITORING WELLS 
AND WATER SUPPLY WELLS 
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SAMPLE ANALYSIS FROM MONITORING WELLS 
(1987-1988) (Huff, 1988) 
Chemical MW#4 MW#6 MW#7 
Total Alkalinity 781 788 527 
(mg/1) 
Bicarbonate (mg/1) 892 962 644 
Carbonate (mg/1) 0 0 0 
Chloride (mg/1) 14.4 437 2990 
Fluoride (mg/1) 0.4 0.5 0.3 
Total Hardness 428 1060 1320 
(mg/1) ' 
Nitrate (mg/1) 0 0.140 0.270 
pH 7.7 7.5 7.2 
Percent Sodium 68.8 60.2 76.7 
Sulfate (mg/1) 835 866 830 
TDS (mg/1) 1860 2890 6590 
Sodium Abs. Ratio 9.17 9.87 24 
Conductivity 2678 4110 10810 
(umhos/cm) 
Calcium (mg/1) 70.4 254 0.270 
Iron (mg/1) 1.05 70 270 
Magnesium (mg/1) , 61.3 103 156 
Manganese (mg/1) 0.586 3.56 1.46 
Potassium (mg/1) 7.20 14.8 21.7 
Sodium (mg/1) 436 739 2000 
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SAMPLE ANALYSIS FROM MONITORING WELLS 
(1987-1988) (Huff, 1988) 
Chemical MW#9 MW#ll MW#12 
· Total Alkalinity 700 696 737 
(mg/1) 
Bicarbonate (mg/I) 855 850 900 
Carbonate (mg/1) 0 0 0 
Chloride (mg/1) 6980 203 265 
Fluoride (mg/1) 0.3 0.6 0.4 
Total Hardness 2480 552 1080 
(mg/I) 
Nitrate (mg/1) 0.150 0.070 13 
pH 7.3 7.7 7.5 
Percent Sodium 81.2 69.1 50.7 
Sulfate (mg/1) 867 712 1130 
TDS (mg/1) 14100 2090 2740 
Sodium Abs. Ratio 43.3 10.6 6.79 
Conductivity 21300 3060 3990 
(umhos/cm) 
Calcium (mg/1) 484 100 142 
Iron (mg/1) 28 2.03 0.996 · 
Magnesium (mg/1) 309 73.1 176 
Manganese (mg/1) 3.90 2.04 0.084 
Potassium (mg/1) 50.2 8.30 7.30 
Sodium (mg/1) 4960 570 513 
148 
SAMPLE ANALYSIS FROM MONITORING WELLS 
(1987-1988) (Huff: 1988) 
Chemical MW#l4 MW#15 MW#25 
Total Alkalinity 755 925 NIA 
(mg/1) 
Bicarbonate (mg/1) 922 1130 
Carbonate (mg/1) 0 0 
Chloride (mg/1) 17900 9870 
Fluoride (mg/1) 0.3 0.1 
Total Hardness 1930 1070 
(mg/1) 
Nitrate (mg/1) 0.100 0.090 
pH 7.3 7.3 
Percent Sodium 93.4 93.6 
Sulfate (mg/1) 1230 1130 
TDS (mg/1) 32900 19200 
Sodium Abs. Ratio 125 96.7 
Conductivity 48700 29700 
(umhos/cm) 
Calcium (mg/1) 556 164 
Iron (mg/1) 320 30 
Magnesium (mg/1) 131 161 
Manganese (mg/1) 14.4 6.30 
Potassium (mg/1) 58.2 62.9 
Sodium (mg/1) 12600 7280 
SAMPLE ANALYSIS FROM MONITORING WELLS 
(1987-1988) (Huff: 1988) 
Chemical MW#38 WS#3 WS#4 
Total Alkalinity NIA 410 562 
(mg/1) 
Bicarbonate (mg/1) 500 686 
Carbonate (mg/1) 0 0 
Chloride (mg/1) 15100 26000 
Fluoride (mg/1) 0.2 0.2 
Total Hardness 3360 2650 
(mg/1) 
Nitrate (mg/1) 0.250 0.080 
pH 7.1 7.2 
Percent Sodium 87.3 93.4 
Sulfate (mg/1) 1140 1320 
TDS (mg/1) 28400 46100 
Sodium Abs. Ratio 79.8 147 
Conductivity 41300 64700 
(umhos/cm) 
Calcium (mg/1) 707 832 
Iron (mg/1) 30 25 
Magnesium (mg/1) 387 139 
Manganese (mg/1) 3.46 3.25 
Potassium (mg/1) 98 35 








SEP 1988 C.I. = 10,000 mg/I 
TDS 
200 ft. 400 ft. 
• -Monitoring Wells Bkgrd Level: 1860 mg/1 o -Supply Wells 
SEP 1988 c.1. = 5,000 mg/I 
--N 
SODIUM 




Bkgrd Level: 0 mg/1 
200 ft. 400 I\. 
152 
SEP 1988 C.L - 50 mgtl 
IRON 
Bkgrd Level: 1.05 mg/1 
200 I\. - I\. 
o -Supply Wells • -Monitoring Wells 
SEP 1988 C.I. = 200 mgtl 
CALCIUM 
Bkgrd Level : 70.4 mg/1 
SEP 1988 C.I. = 1000 mg/I 
--N 
TOT AL HARDNESS 
Bkgrd Level: 428 mg/1 200 I\. 400 II. 
153 
SEP 1988 C.I. = 100 mg/I 
--N 
MAGNESIUM 
Bkgrd Level: 61.3 mg/1 
200 ft. 400 ft. 
o -Supply Wells • -Monitoring Wells 
SEP 1988 C.I. = 100 mg/I 
--N 
BICARBONATE 




. Bkgrd Level: 0.586 mg/1 O 200 ft. 4')0 ft. 
SEP 1988 
TOT AL ALKALINITY 
Bkgrd Level: 781 mg/I 
154 
C.I. = 100 mg/I 
o -Supply Wells 
-N 
. . 
• -Monitoring Wells 
1




FIELD, APPARENT AND INTERPRETED RESISTIVITY DATA 
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Station 2 
Spacing Field(2) Apparent Resist. Depth True Resistivity 
(m) ( ohms) (ohm-m) (ohm-ft) (m) (ohm-m) 
( ohm-ft) 
1.18 4.02 29.79 97.74 0.54 45.99 150.89 
1.58 2.68 26.59 87.25 0.80 42.70 140.10 
2.11 1.41 18.68 61.30 1.17 27.33 
89.67 
2.81 0.67 11.82 38.79 1.72 12.78 
41.93 
3.74 0.33 7.75 25.43 2.52" 6.38 
20.93 
4.99 0.22 6.89 22.62 3.71 5.23 
17.16 
6.66 0.16 6.69 21.96 5.44 6.01 
19.72 
8.88 0.1 5.58 18.30 7.98 6.24 
20.47 
11.84 0.07 5.20 17.08 11.72 5.03 
16.50 
15.79 0.04 3.97 13.01 17.20 3.49 
11.45 
21.05 0.03 3.97 13.01 
28.08 0.03 5.29 17.36 
Station 4 
Spacing Field( 4) Apparent Resist. Depth True Resistivity 
(m) (ohms) ( ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 2.76 20.45 67.11 , 0.60 63.47 208.25 
1.58 0.96 9.53 31.25 0.84 8.77 28.77 
2.11 0.43 5.70 18.69 1.17 2.07 6.79 
2.81 0.25 4.41 14.47 · 1.62 2.24 7.35 
3.74 0.18 4.23 13.87 2.25 4.32 14.17 
4.99 0.15 4.70 15.42 3.13 5.37 17.62 
6.66 0.10 4.18 13.72 4.35 4.79 · 15.72 
8.88 0.08 4.46 14.64 6.04 4.14 13.58 
11.84 0.06 4.46 14.64 8.40 4.17 
13.68 
15.79 0.05 4.96 16.27 11.67 4.88 
16.01 
21.05 0.04 5.29 17.35 16.21 5.79 
19.00 
28.08 0.03 5.29 17.36 
157 
Station 5 
Spacing Field(S) Apparent Resist. Depth True Resistivity 
(m) ohms (ohm-m) (ohm-ft) (m) (ohm-m) ( ohm-ft) 
1.18 5.13 38.02 124.73 0.67 88.24 289.52 
1.58 2.13 21.13 69.34 0.91 23.92 78.48 
2.11 0.9 11.93 39.13 1.24 6.64 21.79 
2.81 0.38 6.71 22.00 1.69 3.82 12.53 
3.74 0.25 5.87 19.27 2.29 4.71 15.45 
4.99 0.16 5.01 16.45 3.12 5.04 16.54 
6.66 0.11 4.60 15.09 4.24 4.29 14.08 
8.88 0.08 4.46 14.64 5.76 4.10 13.45 
11.84 0.07 5.20 17.08 7.83 4.61 15.13 
15.79 0.05 4.96 16.27 10.64 5.28 17.32 
21.05 0.04 5.29 17.35 14.46 5.63 18.47 
28.08 0.03 5.29 17.36 
Station 6 
Spacing Field(6) Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 1.50 11.12 36.47 0.60 24.00 78.74 
1.58 0.82 8.14 26.70 0.86 7.53 24.71 
2.11 0.45 5.96 19.56 1.23 3.08 10.11 
2.81 0.33 5.82 19.11 1.75 3.15 10.34 
3.74 0.29 6.81 22.35 2.49 5.95 19.52 
4.99 0.25 7.83 25.70 3.55 10.45 34.29 
6.66 0.20 8.36 27.45 5.06 12.73 41.77 
8.88 0.14 7.81 25.62 7.21 10.68 35.04 
11.84 0.10 7.44 24.40 10.28 7.09 23.26 
15.79 0.07 6.94 22.77 14.65 5.00 16.41 
21.05 0.06 7.93 26.02 20.88 5.57 18.28 
28.08 0.05 8.82 28.93 
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Station 7 
Spacing Field? Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm~ft) (m) (ohm-m) (ohm-ft) 
1.18 0.92 6.82 22.37 0.75 8.68 28.48 
1.58 0.59 5.85 19.21 0.99 4.25 13.94 
2.11 0.44 5.83 19.13 1.33 3.21 10.53 
2.81 0.37 6.53 21.42 1.77 4.01 13.16 
3.74 0.32 7.52 24.66 2.36 6.50 21.33 
4.99 0.27 8.46 27.76 · 3.15 10.68 35.04 
6.66 0.24 10.04 32.93 4.20 15.63 51.28 
8.88 0.20 11.15 36.59 5.59 19.08 62.60 
11.84 0.16 11.90 39.03 7.46 18.90 62.01 
15.79 0.11 10.91 35.79 9.95 15.49 50.82 
21.05 0.08 10.58 34.70 13.27 11.33 37.17 
28.08 0.06 10.58 34.71 
Station 8 
, Spacing Field8 Apparent Resist. . Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 7.37 54.61 179.19 0.60 100.94 331.18 
1.58 4.08 40.48 . 132.83 0.84 72.94 239.32 
2.11 1.91 25.31 83.04 1.17 36.41 119.46 
2.81 0.71 12.53 41.11 1.62 13.32 43.70 
3.74 0.35 8.22 26.97 2.25 6.00 19.69 
4.99 0.23 7.21 23.65 3.13 5.44 17.85 
6.66 0.17 · 7.11 23.33 4.35 6.73 22.08 
8.88 0.12 6.69 21.96 6.04 7.36 24.15 
11.84 0.08 5.95 19.52 8.39 6;87 22;54 
15.79 0.06 5.95 19.52 11.66 5.81 19.06 
21.05 0.04 5.29 17.35 
28.08 0.04 7.05 23.14 
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Station 9 
Spacing Field9 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 2.64 19.56 64.19 0.67 41.95 137.64 
1.58 1.20 11.91 39.07 0.90 14.25 46.75 
2.11 0.51 6.76 22.17 1.19 4.98 16.34 
2.81 0.28 4.94 16.21 1.59 2.95 9.68 
3.74 0.18 4.23 13.87 2.12 3.06 10.04 
4.99 0.12 3.76 12.34 2.83 3.47 11.39 
6.66 0.09 3.76 12.35 3.77 3.63 11.91 
8.88 0.07 3.90 12.81 5.03 3.73 12.24 
11.84 0.05 3.72 12.20 6.71 3.87 12.70 
15.79 0.04 3.97 13.01 8.95 4.00 13.12 
21.05 0.03 3.97 13.01 
28.08 0.03 5.29 17.36 
Station 10 
Spacing FieldlO Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 2.49 18.45 60.54 0.67 34.24 112.34 
1.58 1.30 12.90 42.32 0.90 14.86 48.76 
2.11 0.65 8.61 28.26 1.19 6.85 22.47 
2.81 0.37 6.53 21.42 1.59 4.72 15.49 
3.74 0.24 5.64 18.49 2.12 4.82 15.81 
4.99 0.18 5.64 18.51 2.83 5.18 17.00 
6.66 0.12 5.02 16.47 3.77 5.05 16.57 
8.88 0.09 5.02 16.47 5.03 4.78 15.68 
11.84 0.07 5.20 17.08 6.71 4.72 15.49 
15.79 0.05 4.96 16.27 8.95 4.97 16.31 
21.05 0.04 5.29 17.35 
160 
Station 11 
Spacing Fieldll Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 3.43 25.42 83.40 0.60 60.14 197.32 
1.58 1.62 16.07 52.74 0.86 18.53 60.80 
2.11 0.75 9.94 32.61 1.23 7.01 23.00 
2.81 0.43 7.59 24.90 1.75 5.62 18.44 
3.74 0.28 6.58 21.58 2.49 7.18 23.56 
4.99 0.18 5.64 18.51 3.55 7.05 23.13 
6.66 0.11 4.60 15.09 5.06 4.53 14.86 
8.88 0.07 3.90 12.81 7.21 2.81 9.22 
11.84 0.05 3.72 12.20 10.28 2.59 8.50 
15.79 0.04 3.97 13.01 14.65 3.55 11.65 
21.05 0.03 3.97 13.01 
Station 12 
Spacing Fieldl2 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) . (ohm-ft) 
1.18 6.26 46.39 152.20 0.60 143.53 470.92 
1.58 2.33 23.12 75.85 0.86 29.48 96.72 
2.11 0.68 9.01 29.56 1.23 4.59 15.06 
2.81 0.29 5.12 16.79 1.75 1.76 5.77 
3.74 0.20 4.70 15.41 2.49 3.25 10.66 
4.99 0.14 4.39 14.39 3.55 5.73 18.80 
6.66 0.11 4.60 15.09 5.06 5.79 19.00 
8.88 0.07 3.90 12.81 7.21 4.40 14.44 
11.84 0.05 3.72 12.20 10.28 3.35 10.99 
15.79 0.04 3.97 13.01 14.65 3.18 10.43 
21.05 0.03 3.97 13.01 20.88 3.58 11.75 
28.08 0.02 3.53 11.57 
161 
Station 13 
Spacing Fieldl3 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) .(ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 2.81 20.82 68.32 0.60 44.50 146.00 
1.58 1.43 14.19 46.55 0.89 20.71 67.95 
2.11 0.56 7.42 24.35 1.30 7.63 25.03 
2.81 0.26 4.59 15.05 1.91 3.34 10.96 
3.74 0.17 3.99 13.10 2.80 2.73 8.96 
4.99 0.11 3.45 11.31 4.12 3.18 10.43 
6.66 0.08 3.35 10.98 6.04 3.32 10.89 
8.88 0.05 2.79 9.15 8.87 3.00 9.84 
11.84 0.04 2.97 9.76 13.01 2.71 8.89 
15.79 0.04 3.97 13.01 19.10 2.60 8.53 
21.05 0.02 2.64 8.67 
28.08 0.01 1.76 5.79 
Station 14 
Spacing Fieldl4 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 2.35 17.41 57.14 0.60 57.18 187.61 
1.58 0.82 8.14 26.70 0.82 6.35 20.83 
2:11 0.36 4.77 15.65 1.12 1.23 4.04 
2.81 0.21 3.71 12.16 1.52 1.53 5.02 
3.74 0.16 3.76 12.33 2.06 3.98 13.06 
4.99 0.13 4.07 13.37 2.80 6.12 20.08 
6.66 0.10 4.18 13.72 3.81 5.58 18.31 
8.88 0.07 3.90 12.81 5.18 3.89 12.76 
11.84 0.06 4.46 14.64 7.05 2.80 9.19 
15.79 0.05 4.96 16.27 9.58 2.84 9.32 
21.05 0.04 5.29 17.35 13.02 4.86 15.95 
-
28.08 0.04 7.05 23.14 
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Station 15 
Spacing Field15 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 1.38 10.23 33.55 0.60 18.94 62.14 
1.58 0.74 7.34 24.09 0.84 8.51 27.92 
2;11 0.46 6.10 20.00 1.17 4.46 14.63 
2.81 0.27 4.76 15.63 1.62 3.63 11.91 
3.74 0.19 4.46 14.64 2.25 4.32 14.17 
4.99 0.15 4.70 15.42 3.13 5.19 17.03 
6.66 0.10 4.18 13.72 4.35 4.88 16.01 
8.88 0.07 3.90 12.81 6.04 3.67 12.04 
11.84 0.05 3.72 12.20 8.40 2.74 8.99 
15.79 0.04 3.97 13.01 11.67 2.64 8.66 
21.05 0.03 3.97 13.01 16.21 3.83 12.57 
28.08 · 0.03 5.29 17.36 
Station 16 
Spacing Fieldl6 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) ( ohm-ft) (m) (ohm-m) ( ohm-ft) 
1.18 1.22 9.04 29.66 0.67 18.29 60.01 
1.58 0.60 5.95 19.53 0.90 4.38 14.37 
2.11 0.37 4.90 16.09 1.19 2.05 6.73 
2.81 0.25 4.41 14.47 1.59 2.55 8.37 
3.74 0.19 4.46 14.64 2.12 4.73 15.52 
4.99 0.14 4.39 14.39 2.83 7.03 23.07 
6.66 0.10 4.18 13.72 3.77 6.73 22.08 
8.88 0.07 3.90 12.81 5.03 4.20 13.78 
11.84 0.05 3.72 12.20 6.7.1 2.21 7.25 
15.79 0.04 3.97 13.01 8.95 1.69 5.54 
21.05 0.03 3.97 13.01 11.94 2.75 9.02 
28.08 0.03 5.29 17.36 
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Station 17 
Spacing Fieldl 7 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 0.64 4.74 15.56 0.60 4.41 14.47 
1.58 0.48 4.76 15.63 0.84 5.42 17.78 
2.11 0.33 4.37 14.35 1.17 6.24 20.47 
2.81 0.24 4.24 13.90 1.62 5.93 19.46 
3.74 0.16 3.76 12.33 2.25 4.17 13.68 
4.99 0.10 3.13 10.28 3.13 2.36 7.74 
6.66 0.07 2.93 9.61 4.35 1.53 5.02 
8.88 0.06 3.35 10.98 6.04 1.68 5.51 
11.84 0.05 3.72 12.20 8.40 3.13 10.27 
15.79 0.05 4.96 16.27 11.67 7.87 25.82 
21.05 0.04 5.29 17.35 
28.08 0.04 7.05 23.14 
Station 18 
Spacing Field18 Apparent Resist. Depth True Resistivity 
(m) (ohms) . (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 1.38 10.23 33.55 0.49 . 40.42 132.62 
1.58 0.53 5.26 17.25 0.72 5.28 17.32 
2.11 0.31 4.11 13.48 1.05 2.66 8.73 
2.81 0.23 4.06 13.32 1.55 3.44 11.29 
3.74 0.16 3.76 12.33 2.27 4.05 13.29 
4.99 0.12 3.76 12.34 3.33 3.68 12.07 
6.66 0.09 3.76 12.35 4.89 3.21 10.53 
8.88 0.07 3.90 12.81 7.18 3.24 10.63 
11.84 0.06 4.46 14.64 10.54 4.11 13.48 
15.79 0.05 4.96 16.27 15.48 6.38 20.93 
21.05 0.05 6.61 21.69 22.72 10.76 35.30 
28.08 0.04 7.05 23.14 
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Station 19 
Spacing Fieldl9 Apparent Resist. Depth 
True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) 
(ohm-m) (ohm-ft) 
1.18 5.29 40.96 134.39 0.67 55.55 
182.26 
1.58 3.50 36.29 119.06 0.93 49.22 
161.49 
2.11 1.85 25.61 84.04 1.30 
34.68 . 113.79 
2.81 0.93 17.15 56.26 1.80 
19.66 64.50 
3.74 0.52 12.76 41.87 2.50 
10.01 32.84 
4.99 .0.28 9.17 30.08 3.48 
5.76 18.90 
6.66 0.19 8.30 27.24 4.83 
4.81 15.78 
8.88 0.15 8.74 28.68 6.71 
6.11 20.05 
11.84 0.12 9.32 30.59 9.33 
10.33 33.89 
15.79 0.12 12.43 40.79 
Station 20 
Spacing Field20 Apparent Resist. Oepth 
True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) 
(ohm-ft) 
1.18 0.27 2.00 6.56 0.75 2.15 
7.05 
1.58 0.21 2.08 6.84 1.01 2.07 
6.79 
2.11 0.13 1.72 5.65 1.38 
1.89 6.20 
2.81 . 0.10 1.76 5.79 1.87 
1.70 5.58 
3.74 0.07 1.64 5.39 2.55 1.56 
5.12 
4.99 0.05 1.57 5.14 3.46 
1.44 4.72 
6.66 0.04 1.67 5.49 4.71 1.32 
4.33 
8.88 0.03 1.67 5.49 6.40 1.24 
4.07 
11.84 0.02 1.49 4.88 8.69 1.39 
4.56 
15.79 0.02 1.98 6.51 11.82 2.07 
6.79 
21.05 0.02 2.64 8.67 
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Station 21 
Spacing Field21 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 2.27 16.82 55.19 0.44 62.59 205.36 
1.58 1.14 11.31 37.11 0.67 23.64 77.56 
2.11 0.13 1.72 5.65 1.02 5.10 16.73 
2.81 0.08 1.41 4.63 1.55 1.47 4.82 
3.74 0.07 1.64 5.39 2.35 1.24 4.07 
4.99 0.05 1.57 5.14 3.57 1.51 4.95 
6.66 0.04 1.67 5.49 . 5.43 1.67 5.48 
8.88 0.03 1.67 5.49 8.25 1.66 5.45 
11.84 0.02 1.49 4.88 
15.79 0.02 1.98 6.51 
21.05 0.02 2.64 8.67 
Station 22 
Spacing Field22 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 1.68 12.45 40.85 0.60 30.31 99.45 
1.58 0.85 8.43 27.67 0.81 7.24 23.75 
2.11 0.47 6.23 20.43 1.07 2.89 9.48 
2.81 0.33 5.82 ' 19.11 1.43 3.08 10.11 
3.74 0.24 5.64 18.49 1.91 5.38 17.65 
4.99 0.19 5.95 19.54 2.55 8.04 26.38 
6.66 0.15 6.27 20.58 3.40 8.26 27.10 
8.88 0.10 5.58 · 18.30 4.53 6.33 20.77 
11.84 0.07 5.20 17.08 6.04 4.68 15.36 
15.79 0.05 4.96 16.27 8.06 4.33 14.21 
21.05 0.04 5.29 17.35 
166 
Station 23 
Spacing Field23 Apparent Resist. Depth True Resistivity 
(m) (ohms) (ohm-m) (ohm-ft) (m) (ohm-m) (ohm-ft) 
1.18 3.16 23.42 76.83 0.36 15.75 51.68 
1.58 2.75 27.29 89.53 0.54 26.76 87.80 
2.11 2.14 28.36 93.04 0.82 35.37 116.05 
2.81 1.66 29.29 96.11 1.25 35.98 118.05 
3.74 1.04 24.43 80.14 1.90 30.03 98.53 
4.99 0.70 21.94 71.97 2.89 23.59 77.40 
6.66 0.48 20.08 65.87 4.40 19.98 65.55 
8.88 0.35 19.52 64.04 6.68 18.43 60.47 
11.84 0.30 22.31 73.19 10.16 16.06 52.69 
15.79 0.14 13.88 45.55 
21.05 0.05 6.61 21.69 
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